Chapter 1 - Introduction 


1.1. A gas at 20°C may be rarefied if it contains less than 10!? molecules per mm?. If 
Avogadro’s number is 6.023E23 molecules per mole, what air pressure does this represent? 


Solution: The mass of one molecule of air may be computed as 


_ Molecular weight _ 28.97 mol 
Avogadro’s number 6.023E23 molecules/g-mol 
3 





=4.81E-23 g 


Then the density of air containing 10!? molecules per mm” is, in SI units, 


_f,,12 molecules g 
P [10 5 (asie 23 ) 





mm molecule 
E E “8 
mm m 


Finally, from the perfect gas law, Eq. (1.13), at 20°C = 293 K, we obtain the pressure: 





2 
p= oRT=(481E 5 s) 287 =— |293 K)=4.0Pa Ans. 
m s-K 
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P1.2 Table A.6 lists the density of the standard atmosphere as a function of altitude. 
Use these values to estimate, crudely, say, within a factor of 2, the number of molecules of 
air in the entire atmosphere of the earth. 


Solution: Make a plot of density p versus altitude z in the atmosphere, from Table A.6: 





1.2255 kg/m? 





Density in the Atmosphere 























0 Z ,000 m 


This writer’s approximation: The curve is approximately an exponential, p ~ po exp(-b z), 
with b approximately equal to 0.00011 per meter. Integrate this over the entire atmosphere, 
with the radius of the earth equal to 6377 km: 


Ei —b 
Matmosphere = [ ed(vol) = k [Po e TIAA RZ nn dz) = 


Po 4AReanh _ (1-2255kg / m )4z(6.3717E6 m}? 
b 0.00011 /m 





= 5.7E18 kg 


Dividing by the mass of one molecule ~ 4.8E—23 g (see Prob. 1.1 above), we obtain 
the total number of molecules in the earth’s atmosphere: 


atmosphere): 5.7E21 grams = 1.2E44 molecules Ans. 





molecules 


m(one molecule) 4.8E—23 gm/molecule 


This estimate, though crude, is within 10 per cent of the exact mass of the atmosphere. 
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1.3 For the triangular element in Fig. P1.3, 
show that a tilted free liquid surface, in 
contact with an atmosphere at pressure pa, 
must undergo shear stress and hence begin 
to flow. 





Liquid, density p 


Solution: Assume zero shear. Due to Fig. P1.3 
element weight, the pressure along the 
lower and right sides must vary linearly as 
shown, to a higher value at point C. Vertical 
forces are presumably in balance with ele- 
ment weight included. But horizontal forces 
are out of balance, with the unbalanced 
force being to the left, due to the shaded 
excess-pressure triangle on the right side 
BC. Thus hydrostatic pressures cannot keep 
the element in balance, and shear and flow 
result. 








P1.4 Sand, and other granular materials, definitely flow, that is, you can pour them 
from a container or a hopper. There are whole textbooks on the “transport” of granular 
materials [54]. Therefore, is sand a fluid? Explain. 


Solution: Granular materials do indeed flow, at a rate that can be measured by 
“flowmeters”. But they are not true fluids, because they can support a small shear stress 
without flowing. They may rest at a finite angle without flowing, which is not possible for 
liquids (see Prob. P1.3). The maximum such angle, above which sand begins to flow, is 
called the angle of repose. A familiar example is sugar, which pours easily but forms a 
significant angle of repose on a heaping spoonful. The physics of granular materials are 
complicated by effects such as particle cohesion, clumping, vibration, and size 
segregation. See Ref. 54 to learn more. 





1.5 A formula for estimating the mean free path of a perfect gas is: 


1 =1.26—— =1.26ŻV/RT (1) 


NRT P 
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where the latter form follows from the ideal-gas law, p = p/RT. What are the dimensions 
of the constant “1.26”? Estimate the mean free path of air at 20°C and 7 kPa. Is air 
rarefied at this condition? 


Solution: We know the dimensions of every term except “1.26”: 


2 
W= m-i i= | mi-{| {T}={0} 





Therefore the above formula (first form) may be written dimensionally as 


{M/L-T} 


{L} = {1.267} (M/L}V[{12/T?-©} {O}] 





= {1.267} {L} 


Since we have {L} on both sides, {1.26} = {unity}, that is, the constant is dimensionless. 
The formula is therefore dimensionally homogeneous and should hold for any unit system. 


For air at 20°C = 293 K and 7000 Pa, the density is p = p/RT = (7000)/[(287)(293)] = 
0.0832 kg/m? . From Table A-2, its viscosity is 1.80E—5 N-s/m?. Then the formula predicts 
a mean free path of 


l= (je 80E ~9.4E-7m_ Ans. 


(0.0832)[(287)(293)]! 


This is quite small. We would judge this gas to approximate a continuum if the physical 
scales in the flow are greater than about 100 /, that is, greater than about 94 zm. 





P1.6 The Saybolt Universal Viscometer, now obsolete but still sold in scientific catalogs, 
measures the kinematic viscosity of lubricants [Ref. 49, p. 40]. A container, held at constant 
temperature, is filled with 60 ml of fluid. Measure the time ¢ for the fluid to drain from a small 
hole or short tube in the bottom. This time unit, called Saybolt universal seconds, or SUS, is 
correlated with kinematic viscosity v, in centistokes (1 stoke = 1 cm’/s), by the following curve- 
fit formula: 


v = 0.215t - m for 40<t<100 SUS 
t 


(a) Comment on the dimensionality of this equation. (b) Is the formula physically correct? 
(c) Since v varies strongly with temperature, how does temperature enter into the formula? (d) 
Can we easily convert v from centistokes to mm’/s? 


Solution: (a) The formula is dimensionally inconsistent. The right-hand side does not have 
obvious kinematic viscosity units. The constants 0.215 and 145 must conceal (dimensional) 
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information on temperature, gravity, fluid density, and container shape. (b) The formula correctly 
predicts that the time to drain increases with fluid viscosity. (c) The time t will reflect changes in 
v, and the constants 0.215 and 145 vary slightly (+1%) with temperature [Ref. 49, p. 43]. (d) Yes, 
no conversion necessary; the units of centistoke and mm?/s are exactly the same.. 





P1.7 Convert the following inappropriate quantities into SI units: (a) a velocity of 3,937 
yards per hour; (b) a volume flow rate of 4,903 acre-feet of water per week; and (c) a mass 
flow rate of 25,616 gallons per day of SAE 30W oil at 20°C. 


Solution: Most of what we need is on the inside front cover of the text. 
(a) One yard equals 3 ft. Thus 3937 yards = 11811 ft x (0.3048 m/ft) = 3600 m. One hour = 
3600 s. Thus, finally, the velocity in SI units is (3600 m)/(3600 s) = 1.00 m/s Ans.(a) 


(b) One acre = 4046.9 m°, and 1 ft = 0.3048 m, thus 4903 acre-ft = (4903)(4046.9)(0.3048) 
= 6,048,000 m°. One week = (7 days)(24 h/day)(3600 s/h) = 604,800 s. Finally, 
4903 acre-ft per week = (6,048,000 m°)/(604,800 s) = 10.0 m?/⁄s Ans.(b) 


(c) From Table A.3, the density of SAE 30W oil at 20°C is 891 kg/m’. Meanwhile, 25616 
gallons x (0.0037854 m?/gal) = 96.97 m’. One day = (24 h/day) x (3600 s/h) = 86400 s. 
Finally, 25616 gal/day = (891 kg/m*)(96.97 m’)/(86400 s) = 1.00 kg/s Ans.(c) 





1.8 Suppose that bending stress o in a beam depends upon bending moment M and 
beam area moment of inertia I and is proportional to the beam half- ea y. Suppose 
also that, for the particular case M = 2900 in-Ibf, y = 1.5 in, and l= 0.4 1 inf , the predicted 
stress is 75 MPa. Find the only possible dimensionally homogeneous formula for o. 


Solution: We are given that o= y fen(M,I) and we are not to study up on strength of 
materials but only to use dimensional reasoning. For homogeneity, the right hand side 
must have dimensions of stress, that is, 


{o} = {y} {fen(M, D}, or: [e] = {L} {fen(M,D} 


; ; ; M 
or: the function must have dimensions {fen(M,D} = {aust 
LT 
Therefore, to achieve dimensional homogeneity, we somehow must combine bending 
moment, whose dimensions are {ML? T oh with area moment of inertia, {I} = {L4 }, and 
end up with {ML aE ah Well, it is clear that {I} contains neither mass {M} nor time {T} 
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dimensions, but the bending moment contains both mass and time and in exactly the com- 
bination we need, {MT Zis Thus it must be that o is proportional to M also. Now we 
have reduced the problem to: 


ML? 





o =yM fen(D, or ae sf {L Mee |e or: {fen} = {L} 
We need just enough /’s to give dimensions of L: we need the formula to be exactly 
inverse in I. The correct dimensionally homogeneous beam bending formula is thus: 


a=C “y, where {C} = {unity} Ans. 


The formula admits to an arbitrary dimensionless constant C whose value can only be 
obtained from known data. Convert stress into English units: o = (75 MPa)/(6894.8) = 
10880 Ibffin?. Substitute the given data into the proposed formula: 


lbf My c82200 Ibf-in)(1.5 in) 


o =10880 — =C , or: Cx1.00 Ans. 
in I 0.4 inf 





The data show that C = 1, or o = My/I, our old friend from strength of materials. 





P1.9 An inverted conical container, 26 inches in diameter and 44 inches high, is filled 
with a liquid at 20°C and weighed. The liquid weight is found to be 5030 ounces. (a) 
What is the density of the fluid, in kg/m*? (b) What fluid might this be? Assume 
standard gravity, g = 9.807 m/s’. 


Solution: First find the volume of the liquid in m’, from our high school cone-volume 
formula: 


Liquid Vol. = SRA = 3 03in)? (44in) = 7787in? = 4.506 fP = 0.1276 m? 


Then find the mass of liquid in kilograms: 


Liquid mass = 50300z +16 = 314.4lbm x 0.45359 = 142.6 kg 
mass _ 142.6kg 
volume  0.1276m° 
(b) From Appendix Table A.3, this could very well be ethylene glycol. Ans.(b) 


Then liquid density = 





= 1117 2 Ans.(a) 
m 





Chapter 1 Introduction 7 
1.10 The Stokes-Oseen formula [10] for drag on a sphere at low velocity V is: 
on 9-9 


where D = sphere diameter, u = viscosity, and p = density. Is the formula homogeneous? 


Solution: Write this formula in dimensional form, using Table 1-2: 


{F= Bm uav E Z hvy D? 


x ofo eje 


where, hoping for homogeneity, we have assumed that all constants (3,7,9,16) are pure, 
i.e., {unity}. Well, yes indeed, all terms have dimensions {ML/T? }! Therefore the Stokes- 
Oseen formula (derived in fact from a theory) is dimensionally homogeneous. 








P1.11 In English Engineering units, the specific heat cp of air at room temperature is 
approximately 0.24 Btu/(lbm-°F). When working with kinetic energy relations, it is more 
appropriate to express Cp as a velocity-squared per absolute degree. Give the numerical 
value, in this form, of cp for air in (a) SI units, and (b) BG units. 


Solution: From Appendix C, Conversion Factors, 1 Btu = 1055.056 J (or N-m) = 778.17 
ft-lbf, and 1 Ibm = 0.4536 kg = (1/32.174) slug. Thus the conversions are: 








2 
SI units: 0.242" = ggg OOM m 1005 = i905 Ans.(a) 
Ibm° F (0.4536 kg (1K /1.8) kg -K K 
8.17 ft -lb i ? 
BG units: 0.24" -024 BUA = goog FF - 6009 f Ans.(b) 
lbm° F [(1/32.174)slug](1° R) slug © R s“ °R 





1.12 For low-speed (laminar) flow in a tube of radius ro, the velocity u takes the form 


where u is viscosity and Ap the pressure drop. What are the dimensions of B? 
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Solution: Using Table 1-2, write this equation in dimensional form: 


mAP, -fLl {M/LT7} aa P 
{u} = {B} a {r°}, or: 5 {B?} MLT {L} ron 





or: {B}={L}} Ans. 


The parameter B must have dimensions of inverse length. In fact, B is not a constant, it 
hides one of the variables in pipe flow. The proper form of the pipe flow relation is 


noer) 


where L is the length of the pipe and C is a dimensionless constant which has the 
theoretical laminar-flow value of (1/4)—see Sect. 6.4. 





1.13 The efficiency 7 of a pump is defined as 


is QAp 
Input Power 


where Q is volume flow and Ap the pressure rise produced by the pump. What is 7 if 
Ap = 35 psi, Q = 40 L/s, and the input power is 16 horsepower? 


Solution: The student should perhaps verify that QAp has units of power, so that 77 is a 
dimensionless ratio. Then convert everything to consistent units, for example, BG: 


ft? lbf lbf ft-lbf 
; Ap=35 x = 5040 es Power = 16(550) = 8800 om 
s in ft s 


_ (141 £t°5)(5040 Ibf/ft”) 
8800 ft-Ibf/s 





L 
Q=40 —=1.41 
s 
~0.81 or 81% Ans. 


Similarly, one could convert to SI units: Q = 0.04 m? /s, Ap = 241300 Pa, and input power = 
16(745.7) = 11930 W, thus h = (0.04)(241300)/(11930) = 0.81. Ans. 
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1.14 The volume flow Q over a dam is 
proportional to dam width B and also varies 
with gravity g and excess water height H 
upstream, as shown in Fig. P1.14. What is 
the only possible dimensionally homo- 
geneous relation for this flow rate? 


Solution: So far we know that 
Q =B fen(H,g). Write this in dimensional 
form: 





3 
{Q= {Ft (By tf(H.g)} = tL} fC. g)}, 


2 
or: {fg} -fEl 


So the function fen(H,g) must provide dimensions of {L7 /T}, but only g contains time. 
Therefore g must enter in the form g 1/2 to accomplish this. The relation is now 


Q=Be!fen(H), or: {L/T} = {L}{L!/2/T} ffen(H)}, or: {fen(H)} = {L273In 


order for fen(H) to provide dimensions of {L~’“}, the function must be a 3/2 power. Thus 
the final desired homogeneous relation for dam flow is: 


Q=CB gl! E H2, where C is a dimensionless constant Ans. 





P1.15 Mott [49] recommends the following formula for the friction head loss hy, in ft, for 
flow through a pipe of length L, and diameter D (both in ft): 


a CaaS pa) 


where Q is the volume flow rate in ft/s, A is the pipe cross-section area in ft’, and C;, isa 
dimensionless coefficient whose value is approximately 100. Determine the dimensions of the 
constant 0.551. 
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Solution: Write out the dimensions of each of the terms in the formula: 
p= {LYS Ds AO} SAE tT) gs (AR RIES > (C= 1 o {D = 


Use these dimensions in the equation to determine {0.551}. Since hy and L, have the same 
dimensions {L}, it follows that the quantity in parentheses must be dimensionless: 


KC Jais ae ~ (0.557 
It follows that {0.55} = {L™"/T} Ans. 


L°: S37 





}= {i 
0. ye p'e 


The constant has dimensions; therefore beware. The formula is valid only for water flow at high 
(turbulent) velocities. The density and viscosity of water are hidden in the constant 0.551, and 
the wall roughness is hidden (approximately) in the numerical value of Cp. 





1.16 Test the dimensional homogeneity of the boundary-layer x-momentum equation: 


ey py epg 
P Ox P Oy Ox PEs oy 


Solution: This equation, like all theoretical partial differential equations in mechanics, 
is dimensionally homogeneous. Test each term in sequence: 


ĉu u) MLL/T M p| M/LT? M 
pu pv ate =) 7372 f? = ~\ 722 
Ox ôy) ET L (ET Ox L UT 


ML M ôr) MILT? M 
eoc aa aa = = 
LT VT Ox L VT 


All terms have dimension {ML 2T 2}. This equation may use any consistent units. 
q y 











1.17 Investigate the consistency of the Hazen-Williams formula from hydraulics: 
0.54 
Ap 
=61.9p263 | 2P 
Q L 


What are the dimensions of the constant “61.9”? Can this equation be used with 
confidence for a variety of liquids and gases? 
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Solution: Write out the dimensions of each side of the equation: 


5 0.54 
oye B 2 samdi] = {61.9} gafit] 


0.54 


T 


The constant 61.9 has fractional dimensions: {61.9} = (Lary OF Ans. 

Clearly, the formula is extremely inconsistent and cannot be used with confidence 
for any given fluid or condition or units. Actually, the Hazen-Williams formula, still 
in common use in the watersupply industry, is valid only for water flow in smooth 
pipes larger than 2-in. diameter and turbulent velocities less than 10 ft/s and (certain) 
English units. This formula should be held at arm’s length and given a vote of “No 
Confidence.” 





*1.18 (“*” means “difficult”—not just a 


plug-and-chug, that is) For small particles at Drag xv 
low velocities, the first (linear) termin Stokes’ LLL LSN p EAEE 
drag law, Prob. 1.10, is dominant, hence horizontal 


F=KV, where K is aconstant. Suppose 

a particle of mass m is constrained to move horizontally from the initial position x = 0 
with initial velocity V = Vo. Show (a) that its velocity will decrease exponentially with 
time; and (b) that it will stop after travelling a distance x = mVo/K. 


Solution: Set up and solve the differential equation for forces in the x-direction: 


t 


v 
DF, =-Drag=ma,, or: -—KV= me integrate f ay = -f T ait 
dt z V 3 K 


ac (1 —e7™"K ) Ans. (a,b) 





t 
Solve V=V,e™* and x= f Vdt= 
0 


: Nt ed V, 
Thus, as asked, V drops off exponentially with time, and, as t > œ, x = K — 
m 





P1.19 In his study of the circular hydraulic jump formed by a faucet flowing into 
a sink, Watson [53] proposes a parameter combining volume flow rate Q, density p and 
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viscosity x of the fluid, and depth h of the water in the sink. He claims that the grouping 
is dimensionless, with Q in the numerator. Can you verify this? 


Solution: Check the dimensions of these four variables, from Table 1.2: 
{OQ} = {E/T} ; {p}= {MIL} ; {4} ={M/LT} ; {h} = {L} 


Can we make this dimensionless? First eliminate mass {M} by dividing density by viscosity, 
that is, p/u has units {T/L°}. (I am pretending that kinematic viscosity is unfamiliar to the 
students in this introductory chapter.) Then combine p/w and Q to eliminate time: (p/1)Q 
has units {L}. Finally, divide that by a single depth h to form a dimensionless group: 


Q, _ {MIHE IT} 
h {M ILTHL 





£ {1} = dimensionless Ans. Watson is correct. 
u 





P1.20 Books on porous media and atomization claim that the viscosity x and surface 
tension Y ofa fluid can be combined with a characteristic velocity U to form an 
important dimensionless parameter. (a) Verify that this is so. (b) Evaluate this parameter 
for water at 20°C and a velocity of 3.5 cm/s. NOTE: Extra credit if you know the name of 
this parameter. 


Solution: We know from Table 1.2 that {a}= {ML'T"}, {U} = {LT"}, and { ¥ }= {FL} = 
{MT~}. To eliminate mass {M}, we must divide w by Y, giving {u/ Y } = {TL"}. 
Multiplying by the velocity will thus cancel all dimensions: 
#U is dimensionless, as is its inverse, u, Ans.(a) 
Y LU 


The grouping is called the Capillary Number. (b) For water at 20°C and a velocity of 3.5 
cm/s, use Table A.3 to find w= 0.001 kg/m-s and Y = 0.0728 N/m. Evaluate 





uU ne) = 0.00048 , Y = 2080 Ans.(b) 
Y (0.0728 kg /s*) uU 
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P1.21 In 1908, Prandtl’s student Heinrich Blasius proposed the following formula for the wall 
shear stress Ty at a position x in viscous flow at velocity V past a flat surface: 


t= 0.332 p!/? pil? y3/2 „71/2 
Determine the dimensions of the constant 0.332. 
Solution: From Table 1.2 we find the dimensions of each term in the equation: 


{tu} = {ML TP} ; {(}={ML>} ; (ML T} ; VLT; o = 


Use these dimensions in the equation to determine {0.332}: 


M n E 


/ -1/2 
T en 


M M i2 
— = [03 aoe 
tat = 10332) EH? 4 


Clean up: wy = {0.332} eg or: {0.332} = {1} Ans. 
LT LT 


The constant 0.332 is dimensionless. Blasius was one of the first workers to deduce 
dimensionally consistent viscous-flow formulas without empirical constants. 





P1.22 = The Ekman number, Ek, arises in geophysical fluid dynamics. It is a dimensionless 
parameter combining seawater density p, a characteristic length L, seawater viscosity yz, and 
the Coriolis frequency © sing, where Q is the rotation rate of the earth and ¢ is the latitude 
angle. Determine the correct form of Ek if the viscosity is in the numerator. 


Solution : First list the dimensions of the various quantities: 
(= ML; si; ò = (MLT); (Qsing} = {T°} 


Note that sing is itself dimensionless, so the Coriolis frequency has the dimensions of Q. 
Only p and u contain mass {M}, so if is in the numerator, p must be in the denominator. 
That combination sp we know to be the kinematic viscosity, with units {L°T'}. Of the 
two remaining variables, only Q sing contains time {T’}, so it must be in the denominator. 
So far, we have the grouping y/(p Q sing), which has the dimensions {L}. So we put the 
length-squared into the denominator and we are finished: 


Dimensionless Ekman number: Ek = KH Ans. 
pL QOsing 
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P1.23 During World War II, Sir Geoffrey Taylor, a British fluid dynamicist, used dimensional 
analysis to estimate the energy released by an atomic bomb explosion. He assumed that the 
energy released, E, was a function of blast wave radius R, air density p, and time t. Arrange 
these variables into a single dimensionless group, which we may term the blast wave number. 


Solution: These variables have the dimensions {E} = {ML”/T°}, {R} = {L}, {p} = {M/L*}, and 
{t} = {T}. Multiplying E by f eliminates time, then dividing by p eliminates mass, leaving 
{L°} in the numerator. It becomes dimensionless when we divide by R°. Thus 

Et 


Blast wave number = z 
pR 








P1.24 Air, assumed to be an ideal gas with k = 1.40, flows isentropically through a nozzle. At 
section 1, conditions are sea level standard (see Table A.6). At section 2, the temperature is 
—50°C. Estimate (a) the pressure, and (b) the density of the air at section 2. 


Solution: From Table A.6, p; = 101350 Pa, 7; = 288.16 K, and p; = 1.2255 kg/m’. Convert 
to absolute temperature, T2 = -50°C = 223.26 K. Then, for a perfect gas with constant k, 


T. 
P = (Z2 = (223.161 4/0.4-1 = (0.7744)°5 = 0.4087 
yn 288.16 


Thus p, = (0.4087)(101350 Pa) = 41,400 Pa Ans.(a) 


P2 - (Prad T, (ae 
aR 288.16 


Thus p, = (0.5278)(1.2255kg/m*) = 0.647 kg/m? Ans.(b) 
Alternately, once p2 was known, we could have simply computed p2 from the ideal-gas law. 


J04- _ 9.7744)25 = 0.5278 


P2 = p2IRT, = (41400)/[287(223.16)] = 0.647 kg/m? 





1.25 A tank contains 0.9 m? of helium at 200 kPa and 20°C. Estimate the total mass of 
this gas, in kg, (a) on earth; and (b) on the moon. Also, (c) how much heat transfer, in 
MJ, is required to expand this gas at constant temperature to a new volume of 1.5 m?? 
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Solution: First find the density of helium for this condition, given R = 2077 m?/(s?-K) 
from Table A-4. Change 20°C to 293 K: 


p _ 200000 N/m? 
RyeT (2077 J/kg:K)(293 K) 





Pae = 0.3286 kg/m? 


Now mass is mass, no matter where you are. Therefore, on the moon or wherever, 
Muye = Puc? = (0.3286 kg/m?)(0.9 m*) ~ 0.296 kg Ans. (a,b) 


For part (c), we expand a constant mass isothermally from 0.9 to 1.5 m°. The first law of 
thermodynamics gives 


dQadded — I Woy gas = UE =me,AT=0 since T, = T, (isothermal) 


Then the heat added equals the work of expansion. Estimate the work done: 





2 2 2 
W,.2 =) pdv=j “RT dv=mRT f V nRT In(v,/v,), 
1 ae. 1% 


or: W, = (0.296 kg)(2077 J/kg:K)(293 K)In(1.5/0.9)= Q; =92000J Ans. (c) 





1.26 A tire has a volume of 3.0 ft? and a ‘ gage’ pressure (above atmospheric pressure) 
of 32 psi at 75°F. If the ambient pressure is sea-level standard, what is the weight of air in 
the tire? 


Solution: Convert the temperature from 75°F to 535°R. Convert the pressure to psf: 
p = (32 Ibf/in? )(144 in?/ft) +2116 Ibf/ft* = 4608 + 2116 ~ 6724 Ibf/ft’ 
From this compute the density of the air in the tire: 


2 
apse 6724 Ibfift = 0.00732 slug/ft? 


RT (1717 ft-lbf/slug-°R)(535°R) 





Then the total weight of air in the tire is 


W, = egv = (0.00732 slug/ft?)(32.2 ft/s?)(3.0 ft?) = 0.707 Ibf Ans. 
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1.27 Given temperature and specific volume data for steam at 40 psia [Ref. 23]: 


TE; 400 500 600 700 800 
V, ft/lbm: 12.624 14.165 15.685 17.195 18.699 


Is the ideal gas] la reasonable for this data? If so, find a least-squares value for the gas 
constant R in m 2/(s? :K) and compare with Table A-4. 


Solution: The units are awkward but we can compute R from the data. At 400°F, 


pV _ (40 lbf/in?)(144 in? /ft*) (12.624 ftè/lbm)(32.2 lbm/slug) _ 5794 ft-lbf 
T (400+ 459.6)°R slug°R 





“R?” 4000F = 


The metric conversion, factor, from the inside cover of the text, is “5.9798”: Rmetric = 
2721/5.9798 = 455.1 m 2 (8? -K). Not a se is only 1.3% less than the ideal-gas approxi- 
mation for steam in Table A-4: 461 m 2 (8? ‘K). Let’s try all the five data points: 


TFs 400 500 600 700 800 
R, 455 457 459 460 460 
m?/(s”-K): 


The total variation in the data is only +0.6%. Therefore steam is nearly an ideal gas in 
this (high) temperature range and for this (low) pressure. We can take an average value: 





p=40 psia, 400°F < T <800°F: R team © tyr, z 458 


J +0.6% Ans. 
i=l K 


With such a small uncertainty, we don’t really need to perform a least-squares analysis, 
but if we wanted to, it would go like this: We wish to minimize, for all data, the sum of 
the squares of the deviations from the perfect-gas law: 


5 2 
Minimize E = X R- pM by differentiating = =0= > 2| R- pyi 
i= T; OR i=l T 





Thus Rieast- squares =? eS 


V. ae et B aa) 
i= iT; 


860°R 1260°R 
For this example, then, least-squares amounts to summing the (V/T) values and converting 


the units. The English result shown above gives Rleast-squares ~ 2739 ft-lbf/slug-°R. 
Convert this to metric units for our (highly accurate) least-squares estimate: 


= 2739/5.9798 = 458 40.6% J/kg-K Ans. 


R steam 
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1.28 Wet air, at 100% relative humidity, is at 40°C and 1 atm. Using Dalton’s law of 
partial pressures, compute the density of this wet air and compare with dry air. 


Solution: Change T from 40°C to 313 K. Dalton’s law of partial pressures is 





Prot =latm= Pair + Pwater = es R,T + My R,T 
v U 
— Pal 4 Pw? 


or: Meot =M, +My —*— foran ideal gas 
“RT R,T 


where, from Table A-4, Rair = 287 and Rwater = 461 m?/(s”-K). Meanwhile, from Table A-5, 
at 40°C, the vapor pressure of saturated (100% humid) water is 7375 Pa, whence the 
partial pressure of the air is pa = 1 atm — pw = 101350 — 7375 = 93975 Pa. 

Solving for the mixture density, we obtain 


= Mat My _ Pa, Pw _ 98975, _B7 __ 1 946+0.051~1.10 #8 


v R,T R,T 287813) 461(313) m? 
By comparison, the density of dry air for the same conditions is 


_ p _ 101350 -1.13 kg 


Piyar “RT 287613) ` m? 


Thus, at 40°C, wet, 100% humidity, air is lighter than dry air, by about 2.7%. 





1.29 A tank holds 5 ft? of air at 20°C and 120 psi (gage). Estimate the energy in ft-lbf 
required to compress this air isothermally from one atmosphere (14.7 psia = 2116 psfa). 


Solution: Integrate the work of compression, assuming an ideal gas: 


f t mRT v 
= | pdw= f d = mT ta -paaa 22) 
1 Dt vi Pi 





where the latter form follows from the ideal gas law for isothermal changes. For the given 
numerical data, we obtain the quantitative work done: 


Wyo = Pot» in( 22 (134 7x 144 als ft?) In o( A 215,000 ft-Ibf Ans. 


Pi 
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1.30 Repeat Prob. 1.29 if the tank is filled with compressed water rather than air. Why 
is the result thousands of times less than the result of 215,000 ft-lbf in Prob. 1.29? 


Solution: First evaluate the density change of water. At 1 atm, po ~ 1.94 slug/ft>. At 
120 psi(gage) = 134.7 psia, the density would rise slightly according to Eq. (1.22): 


p _ 134.7 py 3 
— = 3001 —3000, solve p~ 1.940753 slug/ft”, 
Po 14.7 1.94 

Hence Mya = PV = (1.940753)(5 ft) ~ 9.704 slug 


The density change is extremely small. Now the work done, as in Prob. 1.29 above, is 





2 
A 
Wi -{ pdv= pa{™) Jej p = = = Pavg™m m22 for a linear pressure rise 
1 avg 
( zy 
Hence W> (En, 144 e (9.704 slu; T n x 21 ft-lbf Ans. 
2 1.94047 slug slug) Č 


[Exact integration of Eq. (1.22) would give the same numerical result.] Compressing 
water (extremely small Ap) takes ten thousand times less energy than compressing air, 
which is why it is safe to test high-pressure systems with water but dangerous with air. 





P1.31 One cubic foot of argon gas at 10°C and 1 atm is compressed isentropically to a new 
pressure of 600 kPa. (a) What will be its new density and temperature? (b) If allowed to cool, at 
this new volume, back to 10°C, what will be the final pressure? Assume constant specific heats. 


Solution: This is an exercise in having students recall their thermodynamics. From Table A.4, 
for argon gas, R = 208 m’/(s’-K) and k = 1.67. Note T; = 283K. First compute the initial 
density: 


2 
poe le 101350N/m = 2 kin 


RT, (208m? / s? - K)(283K) 





For an isentropic process at constant k, 


Po _ 600,000Pa so P2k = (P2517 | Solve p, = 4.99 kg/m? Ans.(a) 


pi 101,350Pa ` Pı 1.72 








T. T. 
P2 L 592 = (ZED = (267/067 Solve T) = 578K = 305°C Ans.(a) 
Pi T, 283K 
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(b) Cooling at constant volume means p stays the same and the new temperature is 283K. Thus 
2 


P = BRI = (5.00£)(208 (283K) = 294,000Pa = 294kPa Ans.(b) 
m s“ K 





1.32 A blimp is approximated by a prolate spheroid 90 m long and 30 m in diameter. 
Estimate the weight of 20°C gas within the blimp for (a) helium at 1.1 atm; and (b) air at 
1.0 atm. What might the difference between these two values represent (Chap. 2)? 


Solution: Find a handbook. The volume of a prolate spheroid is, for our data, 


v= = ALR? = = 7190 m)(15 m)* = 42412 m? 


Estimate, from the ideal-gas law, the respective densities of helium and air: 








(a) P helium = Pre T AD = 0.1832 = 
RT 2077(293) m 
; 101350 k 
(b) y= PH = 1.205 $, 
RaT  287(293) m 


Then the respective gas weights are 


Wre = Pe20 = (o 1832 is) [o.81 2) (42412 m°) = 76000N Ans. (a) 
m S 
Wai = Paa g0 = (1.205)(9.81)(42412) = 501000 N Ans. (b) 


The difference between these two, 425000 N, is the buoyancy, or lifting ability, of the 
blimp. [See Section 2.8 for the principles of buoyancy. ] 





P1.33 Experimental data [55] for the density of n-pentane liquid for high pressures, at 
50°C, are listed as follows: 





Pressure, MPa 0.01 10.23 20.70 34.31 
Density, kg/m? 586.3 604.1 617.8 632.8 
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Interestingly, this data does not fit the author’s suggested liquid state relation, Eq. (1.19), 
very well. Therefore (a) fit the data, as best you can, to a second order polynomial. Use 
your curve-fit to estimate (b) the isentropic bulk modulus of n-pentane at 1 atm, and (c) 
the speed of sound of n-pentane at a pressure of 25 MPa. 


Solution: The writer used his Excel spreadsheet, which has a least-squares polynomial 


feature for tabulated data. The writer hit “Add Polynomial Trend Line” and received this 
2nd-order curve-fit. 


p = 1.702E9 — 6.278E6p + 5755 p° Ans.(a) 


with p in Pa and pin kg/m*. The error, for the four given data points, is less than 0.5%. 
Pp Pin kg g p 


(b) The isentropic bulk modulus can be estimated by differentiating the p-p relation at the 
atmospheric density of 586.3 kg/m’. 


B = ro. = (11510 p—6.278E6) |,-5963 ~ 2.76E8Pa — Ans.(b) 


(c) First examine Ans.(a) to see what density corresponds to p = 25 MPa. We find, 
approximately, by iteration or EES, that p ~ 624 kg/m’. Then the speed of sound at this 
pressure is 





alsmpa = ea = /11510(624)-6.278E6 = 4904240 ~ 950 m/s Ans.(c) 


We are assuming, reasonably, that the given p-p relation is approximately isentropic. 





1.34 Consider steam at the following state near the saturation line: (p1, T1) = (1.31 
MPa, 290°C). Calculate and compare, for an ideal gas (Table A.4) and the Steam Tables 
(or the EES software), (a) the density p1; and (b) the density p2 if the steam expands 
isentropically to a new pressure of 414 kPa. Discuss your results. 
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Solution: From Table A.4, for steam, k ~ 1.33, and R ~ 461 m?/(s*-K). Convert T1 = 
563 K. Then, 


A 1,310,000 Pa 
RT, (461 m/s’ K)(563 K) 


o e (p\" | 414 kPa 
o 505 Up) (310 kPa 


kg 
m? 





5.05 Ans. (a) 


Pı 





1/1.33 k 
) =0.421, or: p,=2.12 Ans. (b) 


AS 
ae 
For EES or the Steam Tables, just program the properties for steam or look it up: 


EESreal steam: p, =5.23 kg/m? Ans. (a), pP =2.16 kgm? Ans. (b) 


The ideal-gas error is only about 3%, even though the expansion approached the saturation line. 





1.35 In Table A-4, most common gases (air, nitrogen, oxygen, hydrogen, CO, NO) 
have a specific heat ratio k = 1.40. Why do argon and helium have such high values? 
Why does NH3 have such a low value? What is the lowest k for any gas that you know? 


Solution: In elementary kinetic theory of gases [21], k is related to the number of 
“degrees of freedom” of the gas: k ~ 1 + 2/N, where N is the number of different modes 
of translation, rotation, and vibration possible for the gas molecule. 


Example: Monotomic gas, N = 3 (translation only), thus k ~ 5/3 
This explains why helium and argon, which are monatomic gases, have k ~ 1.67. 
Example: Diatomic gas, N = 5 (translation plus 2 rotations), thus k ~ 7/5 


This explains why air, nitrogen, oxygen, NO, CO and hydrogen have k ~ 1.40. 

But NH3 has four atoms and therefore more than 5 degrees of freedom, hence k will 
be less than 1.40. Most tables list k = 1.32 for NH; at about 20°C, implying Nz6. 

The lowest k known to this writer is for uranium hexafluoride, 3UF6, which is a 
very complex, heavy molecule with many degrees of freedom. The estimated value of k 
for this heavy gas is k ~ 1.06. 
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P1.36 The isentropic bulk modulus B of a fluid is defined in Eq. (1.39). (a) What 
are its dimensions? Using theoretical p-p relations for a gas or liquid, estimate the bulk 
modulus, in Pa, of (b) chlorine at 100°C and 10 atm; and (c) water, at 20°C and 1000 atm. 


Solution: (a) Given B = p(ôp/ðp)s, note that the density dimensions cancel. Therefore 
the dimensions of bulk modulus B are the same as pressure: {ML T°}. Ans.(a) 


(b) For an ideal gas, we may differentiate to find a formula for bulk modulus: 


0 
Boas = P<), = P(KRT) = p(k®) = kp 
op P 


Chlorine: k =1.34, p=10 atm, B = (1.34\(10) = 13.4 atm = 1.36E6 Pa Ans.(b) 
(c) For water, differentiate the suggested curve-fit, Eq. (1.19): 


P (B+ rye” — B; Water: B= 3000, n=7 
p 


o oO 


d n(B=+1)p, 
AERE ( 


Bulk modulus = p— 2": Now find p at 1000atm: 
d Po Po 


1000 = 3001-2)’ — 3000 , solve (2) = 1.0419 ; then, finally, 
P, 


oO oO 


Bop = (1.0419)(7)(3001)(Latm)(1.0419)’ ~ 29200aIm ~ 2.96E9 Pa Ans.(c) 


water 


This is 35% more than the low-pressure bulk modulus listed for water in Table A.3. We 
apologize for using the same symbol B for bulk modulus and also for the curve-fit 
constant in Eq. (1.19). It won’t happen again. 


1.37 A near-ideal gas has M = 44 and cy = 610 J/(kg-K). At 100°C, what are (a) its 
specific heat ratio, and (b) its speed of sound? 


Solution: The gas constant is R = A/M = 8314/44 = 189 J/(kg-K). Then 
ce, =R/(k-1), or: k=1+R/c, =1+189/610 1.31 Ans. (a) [It is probably N,O] 
With k and R known, the speed of sound at 100°C = 373 K is estimated by 


a=VkRT = /1.31[189 m*/(s* -K)](373 K) = 304 m/s Ans. (b) 
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1.38 In Fig. P1.38, if the fluid is glycerin at 20°C and the width between plates is 6 
mm, what shear stress (in Pa) is required to move the upper plate at V = 5.5 m/s? What is 
the flow Reynolds number if “L” is taken to be the distance between plates? 

Moving plate 








Fixed plate 
Fig. P1.38 


Solution: (a) For glycerin at 20°C, from Table 1.4, w~ 1.5 N- s/m?. The shear stress is 
found from Eq. (1) of Ex. 1.8: 


p- AN _ (1.5 Pas)(5.5 mis) 


~1380Pa_ Ans. (a) 
h (0.006 m) 


The density of glycerin at 20°C is 1264 kg/m’. Then the Reynolds number is defined by 
Eq. (1.24), with L = h, and is found to be decidedly laminar, Re < 1500: 


_ NL _ (1264 kg/m*)(5.5 m/s)(0.006 m) 


Re 
a u 1.5 kg/m-s 





=28 Ans. (b) 





1.39 Knowing u~ 1.80E-5 Pa's for air at 20°C from Table 1-4, estimate its viscosity at 
500°C by (a) the power-law, (b) the Sutherland law, and (c) the Law of Corresponding 
States, Fig. 1.5. Compare with the accepted value 4(500°C) = 3.58E-—5 Pas. 


Solution: First change T from 500°C to 773 K. (a) For the power-law for air, n ~ 0.7, 
and from Eq. (1.30a), 


3 0.7 k 
H= (TT, ~ c.soz-s( 7) = 3.55E-5 aes Ans. (a) 
293 m's 


This is less than 1% low. (b) For the Sutherland law, for air, S ~ 110 K, and from Eq. (1.30b), 


: = (L80B-5) (773/293)'° (293 + 110) 
(T+S) 


(773+110) 


=3.52E-5 “© Ans. (b) 
ms 
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This is only 1.7% low. (c) Finally use Fig. 1.5. Critical values for air from Ref. 3 are: 
Air: 4h ~1.93E-5 Pas T,=~132KĶ (“mixture” estimates) 


At 773 K, the temperature ratio is T/Tc = 773/132 = 5.9. From Fig. 1.5, read w/yc = 1.8. 
Then our critical-point-correlation estimate of air viscosity is only 3% low: 


k 
ux 1.81, = (1.8)(1.93E-5) ~3.5E-5 —= Ans. (c) 
ms 





1.40 Curve-fit the viscosity data for water in Table A-1 in the form of Andrade’s equation, 


B wo 
ux A exp 2) where T is in °K and A and B are curve-fit constants. 


Solution: This is an alternative formula to the log-quadratic law of Eq. (1.31). We have 
eleven data points for water from Table A-1 and can perform a least-squares fit to 
Andrade’s equation: 


1 
Minimize E= SI 4; — A exp(B/T, )P, then set = =0 and —=0 


i=l 


The result of this minimization is: A æ% 0.0016 kg/m-s, B = 1903°K. Ans. 
The data and the Andrade’s curve-fit are plotted. The error is +7%, so Andrade’s 
equation is not as accurate as the log-quadratic correlation of Eq. (1.31). 


O uu- Table A-1 
= Andrade's Equation 


mPa-s 
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P1.41 An aluminum cylinder weighing 30 N, 6 cm in diameter and 40 cm long, is 
falling concentrically through a long vertical sleeve of diameter 6.04 cm. The clearance is 
filled with SAE 50 oil at 20°C. Estimate the terminal (zero acceleration) fall velocity. 
Neglect air drag and assume a linear velocity distribution in the oil. [HINT: You are given 
diameters, not radii.] 


Solution: From Table A.3 for SAE 50 oil, «= 0.86 kg/m-s. The clearance is the 
difference in radii: 3.02 — 3.0 cm = 0.02 cm = 0.0002 m. At terminal velocity, the 
cylinder weight must balance the viscous drag on the cylinder surface: 


V 
W = Twall Awali = Ce PE) , where C = clearance = "sleeve — "cylinder 


or: 30N = [0.86 ty )] 2 (0.06 m)(0.40 m) 


Solve for V = 0.0925m/s Ans. 





1.42 Some experimental values of x of helium at 1 atm are as follows: 


T, °K: 200 400 600 800 1000 1200 
4, kg/m-s: 1.50E-5 2.43E-5 3.20E-5 3.88E-5 4.50E-5 5.08E-5 


Fit these values to either (a) a power-law, or (b) a Sutherland law, Eq. (1.30a,b). 


Solution: (a) The power-law is straightforward: put the values of u and T into, say, an 
Excel graph, take logarithms, plot them, and make a linear curve-fit. The result is: 





0.68 
Power-law curve-fit: 4ye ~ 1.505E—5 (2 } Ans. (a) 


00K 


The accuracy is less than +1%. (b) For the Sutherland fit, we can emulate Prob. 1. al and 
perform the least-squares summation, E = =[wi — uo(Ti/200)} 5(200 + S)(Ti + s)? and 
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minimize by setting GE/OS = 0. We can try 4o = 1.50E-5 kg/m's and To = 200°K for 
starters, and it works OK. The best-fit value of S  95.1°K. Thus the result is: 





Helium _ (1/200)'* (200 +95.1°K) 
1.50E-5 kg/m-s (T+95.1°K) 


Sutherland law: + 4% Ans. (b) 


For the complete range 200—1200°K, the power-law is a better fit. The Sutherland law 
improves to +1% if we drop the data point at 200°K. 





P1.43 For the flow between two parallel plates of Fig. 1.8, reanalyze for the case of 
slip flow at both walls. Use the simple slip condition, wan = [l (du/dy) wan, where [is the 


mean free path of the fluid. (a) Sketch the expected velocity profile and (b) find an 
expression for the shear stress at each wall. 


Solution: As in Fig. 1.8, the shear stress remains constant between the two plates. The 
analysis is correct up to the relation u = a +by. There would be equal slip velocities, 
ou, at both walls, as shown in the following sketch 




















A 
» U 
| y 5 ôu 
h u(y) Ans. (a) 
| : 
[E] 


Fixed plate 
Because of slip at the walls, the boundary conditions are different for u = a +b y: 


At y=0: u= ĝu =a= ao = 4b 
dy ` 


U 
h+2¢ 








Aty=h: u=U-6u=a+bh=U-tlb=tb+bh,or: b= 
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One way to write the final solution is 


= du + ( 








h4 a? ? h+20 


du uU 


and Tyay = ees = ——_ 
wall eG wall h+20 


Ans.(b) 


P1.44 SAE 50 oil at 20°C fills the concentric annular space between an inner cylinder, 
ri = 5 cm, and an outer cylinder, ro = 6 cm. The length of the cylinders is 120 cm. If the 
outer cylinder is fixed and the inner cylinder rotates at 900 rev/min, use the linear profile 
approximation to estimate the power, in watts, required to maintain the rotation. Neglect 
any temperature change of the oil. 


Solution: Convert Q; = 900 rpm x (27/60) = 94.25 rad/s. For SAE 50 oil, from Table 
A.3, 4= 0.86 kg/m-s. Then the rotational velocity of the inner cylinder, and its related 
shear stress, are: 
V; = QO; 5% = (94.25 rad/s)(0.05m) = 4.71 m/s 
AV kg nt Om/s 


q = Wo = (0.86— you! 


= 405 Pa 
Ar 0.06—0.05m Piz 


The total moment of this stress about the centerline is 


2m 
M = f r dF = f r, (t; 7 dOL) = 1,217 L = (405)(27)(0.05)? (1.2) = 7.64 N -m 
0 


Then the power required is P =Q; M = (94.25 rad/s)(7.64 N-m) = 720 watts Ans. 





1.45 A block of weight W slides down an 
inclined plane on a thin film of oil, as in 
Fig. P1.45 at right. The film contact area 
is A and its thickness h. Assuming a linear 
velocity distribution in the film, derive an 
analytic expression for the terminal velocity 
V of the block. Fig. P1.45 






Oil film, 
thickness h 
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Solution: Let “x” be down the incline, in the direction of V. By “terminal” velocity we 
mean that there is no acceleration. Assume a linear viscous velocity distribution in the 
film below the block. Then a force balance in the x direction gives: 








V 
DE, = W sind- cA = W sind ear ma, =0, 


hW sin 0 
or: Vecrminal a OA 


ns. 





P1.46 A simple and popular model for two non-newtonian fluids in Fig. 1.9a is the power-law: 


du 


z C 
t OH 


z” 


where C and n are constants fit to the fluid [15]. From Fig. 1.9a, deduce the values of the 
exponent n for which the fluid is (a) newtonian; (b) dilatant; and (c) pseudoplastic. (d) Consider 
the specific model constant C = 0.4 N-s"/m’, with the fluid being sheared between two parallel 
plates as in Fig. 1.8. If the shear stress in the fluid is 1200 Pa, find the velocity V of the upper 
plate for the cases (d) n = 1.0; (e) n = 1.2; and (f) n = 0.8. 


Solution: By comparing the behavior of the model law with Fig. 1.9a, we see that 

(a) Newtonian: n=1 ; (b) Dilatant: n>1 ; (c) Pseudoplastic: n <1  Ans.(ab,c) 
From the discussion of Fig. 1.8, it is clear that the shear stress is constant in a fluid sheared 
between two plates. The velocity profile remains a straight line (if the flow is laminar), and the 
strainrate duldy = V/h. Thus, for this flow, the model becomes rt = C(V/h)". For the three 
given numerical cases, we calculate: 


N N-sl V 
d)n=1: t = 1200—~ = C(V/h)" =(0.4 
(d)n $ -7 (V/h)" = ( m2 Noin 


N N= o Y 
=1.2: T = 1200— = C(V/h)" =(04 
(e)n T -7 (V/h)" = ( -7 ooi 








Jl, solve V =3.0 Ans (d) 
S 








yi solve V =0.79™ Ans.(e) 
S 


N N-5°8 V 0.8 
=0.8: T = 1200— = C(V/h)" =(0.4 i 
(Pn r TAON “04 aaa 








, solve V=22™ Ans(f) 
S 


A small change in the exponent n can sharply change the numerical values. 
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P1.47 Data for the apparent viscosity of average human blood, at normal body 
temperature of 37°C, varies with shear strain rate, as shown in the following table. 























Shear strain rate, g 1 10 100 1000 
Apparent viscosity, 0.011 0.009 0.006 0.004 
kg/(mes) 





(a) Is blood a nonnewtonian fluid? (b) If so, what type of fluid is it? (c) How do these 
viscosities compare with plain water at 37°C? 


Solution: (a) By definition, since viscosity varies with strain rate, blood is a nonnewtonian 
fluid. 

(b) Since the apparent viscosity decreases with strain rate, it must be a pseudoplastic fluid, as 
in Fig. 1.9(a). The decrease is too slight to call this a “plastic” fluid. (c) These viscosity 
values are from six to fifteen times the viscosity of pure water at 37°C, which is about 0.00070 
kg/m-s. The viscosity of the liquid part of blood, called plasma, is about 1.8 times that of 
water. Then there is a sharp increase of blood viscosity due to hematocrit, which is the 
percentage, by volume, of red cells and platelets in the blood. For normal human beings, the 
hematocrit varies from 40% to 60%, which makes this blood about six times the viscosity of 
plasma. 


1.48 A thin moving plate is separated from two fixed plates by two fluids of unequal 
viscosity and unequal spacing, as shown below. The contact area is A. Determine (a) the 
force required, and (b) is there a necessary relation between the two viscosity values? 


Fixed Annaa 


hl pl 
Moving a OE NSN __ 
V, F 

h2 u2 


Fixed 


Solution: (a) Assuming a linear velocity distribution on each side of the plate, we obtain 


(ay, LV 


F=1A+nA= ie AN), Ans. (a) 
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The formula is of course valid only for laminar (nonturbulent) steady viscous flow. 
(b) Since the center plate separates the two fluids, they may have separate, unrelated 
shear stresses, and there is no necessary relation between the two viscosities. 





1.49 An amazing number of commercial and laboratory devices have been developed to 
measure fluid viscosity, as described in Ref. 27. Consider a concentric shaft, fixed axially 
and rotated inside the sleeve. Let the inner and outer cylinders have radii ri and ro, 
respectively, with total sleeve length L. Let the rotational rate be Q (rad/s) and the applied 
torque be M. Using these parameters, derive a theoretical relation for the viscosity w of the 
fluid between the cylinders. 


Solution: Assuming a linear velocity distribution in the annular clearance, the shear stress is 


AV Or, 
T= U— & U— 
Ar rl 


This stress causes a force dF = r dA = r(ri d@)L on each element of surface area of the 
inner shaft. The moment of this force about the shaft axis is dM = ri dF. Put all this 
together: 


2m 3 
M=|raF={ ru mi pig. ee 
0 


BTR RTR 





Solve for the viscosity: u= M(r,-r;) / [20r L) Ans. 





1.50 A simple viscometer measures the time ż for a solid sphere to fall a distance L 
through a test fluid of density p. The fluid viscosity x is then given by 


net 


Wat if t2 2pDL 

32DL 4 
where D is the sphere diameter and Wnet is the sphere net weight in the fluid. 
(a) Show that both of these formulas are dimensionally homogeneous. (b) Suppose that a 
2.5 mm diameter aluminum sphere (density 2700 kg/m?) falls in an oil of density 875 kg/m? ; 
If the time to fall 50 cm is 32 s, estimate the oil viscosity and verify that the inequality is valid. 
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Solution: (a) Test the dimensions of each term in the two equations: 


2 
{y= (2) and { Woot = ne = í M | Yes, dimensions OK. 





GDL] | ODD | lr 
{4 ={T} and pol = aa ={T} Yes, dimensions OK. Ans. (a) 
u MILT 


(b) Evaluate the two equations for the data. We need the net weight of the sphere in the fluid: 


Waet = (Psphere ~ Praia) $(VOL) uia = (2700 — 875 kg/m*)(9.81 m/s” )(7/6)(0.0025 m)? 





= 0.000146 N 
0.000146 N)(32 : k 
rie ee a L 82) sia ŽE Ans.) 
3azDL = 32(0.0025 m)(0.5 m) m-s 


2pDL _ 2(875 kg/m>)(0.0025 m)(0.5 m) 
u 0.40 kg/m- s 
=5.5 s OK, t is greater 


Check t =32 s compared to 








P1.51 An approximation for the boundary-layer 
shape in Figs. 1.6b and P1.51 is the formula 


. TY 
u = Usin(—), 0<y<o6 
O) G z? y 
where U is the stream velocity far from the wall 


and dis the boundary layer thickness, as in Fig. P.151. 
If the fluid is helium at 20°C and 1 atm, and if U= 





10.8 m/s and 6= 3 mm, use the formula to (a) estimate 





the wall shear stress Tw in Pa; and (b) find the position 
in the boundary layer where T is one-half of tw. 


Fig. P1.51 


Solution: From Table A.4, for helium, take R = 2077 m’/(s’-K) and y= 1.97E-5 kg/m-s. 
(a) Then the wall shear stress is calculated as 
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Ou m my muU 
Ty = -0 = (U — cos 0 = 
w u ay ly=0 Le 26 35) 9-0 26 
Numerical values: T, = ALITE S SKE mM LUE 0.11 Pa Ans.(a) 
2(0.003 m) 


A very small shear stress, but it has a profound effect on the flow pattern. 
(b) The variation of shear stress across the boundary layer is a cosine wave, t = u (du/dy): 
my T 26 


muU A 
cos = cos he =—, or: = — Ans.(b 
25 Gi pT os Bo pe a ge ee) 





t(y) = 





1.52 The belt in Fig. P1.52 moves at steady velocity V and skims the top of a tank of oil 
of viscosity u. Assuming a linear velocity profile, develop a simple formula for the belt- 
drive power P required as a function of (h, L, V, B, 4). Neglect air drag. What power P in 
watts is required if the belt moves at 2.5 m/s over SAE 30W oil at 20°C, with L = 2 m, 
b = 60 cm, and h =3 cm? 


e 


moving belt, width b 





Fig. P1.52 


Solution: The power is the viscous resisting force times the belt velocity: 
V L 
P = Toil Apett Voet ~ (a y) (bL)V = HV’b— Ans. 


(b) For SAE 30W oil, u ~ 0.29 kg/m-s. Then, for the given belt parameters, 


P = wV°bL/h = [029 +8 )(25 a) (0.6 mam 73 get 





=73W_ Ans. (b) 





1.53* A solid cone of base ro and initial angular velocity œo is rotating inside a conical 
seat. Neglect air drag and derive a formula for the cone’s angular velocity a(t) if there is 
no applied torque. 
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Solution: At any radial position r < ro on the cone surface and instantaneous rate ©, 








|- 
Oil h 
(u) 
Fig. P1.53 
d(Torque)=rr dA, = (ui?) (2m dr i, 

h sin@ 

To 4 

or: Torque M=[ He 2a dr = TUON 
» hsind 2hsind 


We may compute the cone’s slowing down from the angular momentum relation: 


d 


3 
M=-1,—“, where I,(cone)=—-mr2, m=cone mass 
dt 10 


Separating the variables, we may integrate: 


w 4 t 2 
t 
f i -ef dt, or: @=@, exp mee Ans. 
o 2hI, sin@,, 3mh sin@ 


o 





1.54* A disk of radius R rotates at 
angular velocity Q inside an oil container 
of viscosity z, as in Fig. P1.54. Assuming a 
linear velocity profile and neglecting shear 
on the outer disk edges, derive an expres- 
sion for the viscous torque on the disk. 





Fig. P1.54 


Solution: At any r < R, the viscous shear T% uOr/h on both sides of the disk. Thus, 


d(torque) = dM = 2rrdA,, = 2 A ar dr, 


R 4 
or: M=4742/ r dr = ZR Ans. 
h 4 h 
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P1.55 A block of weight W is being pulled 
over a table by another weight W,, as shown in 
Fig. P1.55. Find an algebraic formula for the 

steady velocity U of the block if it slides on an 


oil film of thickness A and viscosity u. The block 








bottom area A is in contact with the oil. 


Fig. P1.55 
Neglect the cord weight and the pulley friction. 


Solution: This problem is a lot easier to solve than to set up and sketch. For steady motion, 





U 
$. F, block =0= TA W, = (A W, 


Solve for U = —— Ans. 


there is no acceleration, and the falling weight balances the viscous resistance of the oil film: 
The block weight W has no effect on steady horizontal motion except to smush the oil film. 





1.56* For the cone-plate viscometer in 


Fig. P1.56, the angle is very small, and the s 
gap is filled with test liquid u. Assuming a 8 Zz OoOo i 
linear velocity profile, derive a formula for la- R , 


the viscosity x in terms of the torque M 


and cone parameters. Fig. P1.56 


Solution: For any radius r < R, the liquid gap is h = r tan 8. Then 





d(Torque)=dM = o a (2m dr Js or 
rtand, cosé. 


_2 _ 2nQuR* Msi 
Ou? a -27u orgs 3 me 
3sin ð 27QR 





ns. 
sin 0 
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P1.57 Extend the steady flow between a fixed lower plate and a moving upper plate, 
from Fig. 1.8, to the case of two immiscible liquids between the plates, as in Fig. P1.57. 








l > 





V 





e E ron ohes aie cee Fig. P1.57 














Fixed 





(a) Sketch the expected no-slip velocity distribution u(y) between the plates. (b) Find an 
analytic expression for the velocity U at the interface between the two liquid layers. (c) 
What is the result if the viscosities and layer thicknesses are equal? 


Solution: We begin with the hint, from Fig. 1.8, that the shear stress is constant between 
the two plates. The velocity profile would be a straight line in each layer, with different 
slopes: 











Ans. (a) 





Here we have drawn the case where fy > 41, hence the upper profile slope is less. (b) Set 
the two shear stresses equal, assuming no-slip at each wall: 
(U -0) (V-U) 
= 4 = hn = M 
h h 
1 
Solve for: U = V [——] Ans.(b) 
14/1 h 
4h h 





Ti 
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(c) For equal viscosities and layer thicknesses, we get the simple result U = V/2. Ans. 


1.58 The laminar-pipe-flow example of Prob. 1.14 leads to a capillary viscometer [29], 
using the formula “= nro‘ Ap/(8LQ). Given ro = 2 mm and L = 25 cm. The data are 


Q,m/hr: 0.36 0.72 1.08 1.44 1.80 
Ap, kPa: 159 318 477 1274 1851 


Estimate the fluid viscosity. What is wrong with the last two data points? 
Solution: Apply our formula, with consistent units, to the first data point: 


4 4 2 
Ap=159kPa: yx ZAP _ 2(0.002 m)*(159000 Nim T N:s 
BLQ — 8(0.25 m)(0.36/3600 m°/s) m 





Do the same thing for all five data points: 


Ap, kPa: 159 318 477 1274 1851 
u,N-sim?: 0.040 0.040 0.040 0.080(?) 0.093(?) Ans. 


The last two estimates, though measured properly, are incorrect. The Reynolds number of the 
capillary has risen above 2000 and the flow is turbulent, which requires a different formula. 





1.59 A solid cylinder of diameter D, length L, density ps falls due to gravity inside a tube 
of diameter Do. The clearance, (D, — D) << D, is filled with a film of viscous fluid (p,4). 
Derive a formula for terminal fall velocity and apply to SAE 30 oil at 20°C for a steel 
cylinder with D = 2 cm, Do = 2.04 cm, and L = 15 cm. Neglect the effect of any air in the 
tube. 


Solution: The geometry is similar to Prob. 1.47, only vertical instead of horizontal. At 
terminal velocity, the cylinder weight should equal the viscous drag: 








T2 V 
a,=0: ÈF, =-W + Drag = D°L+ aDL, 
z 3 8= P87 | 


V= pgD(, = D) 
8u 


or: Ans. 
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For the particular numerical case given, Psteel ~ 7850 kg/m’. For SAE 30 oil at 20°C, 
47 0.29 kg/m's from Table 1.4. Then the formula predicts 


v — AÆ8DD, -D) _ (7850 kg/m°)(9.81 m/s*)(0.02 m)(0.0204 -0.02 m) 
terminal 8u 8(0.29 kg/m . s) 
~ 0.265 m/s Ans. 








P1.60 Pipelines are cleaned by pushing through them a close-fitting cylinder called a pig. 
The name comes from the squealing noise it makes sliding along. Ref. 50 describes a new 
non-toxic pig, driven by compressed air, for cleaning cosmetic and beverage pipes. Suppose 
the pig diameter is 5-15/16 in and its length 26 in. It cleans a 6-in-diameter pipe at a speed of 
1.2 m/s. Ifthe clearance is filled with glycerin at 20°C, what pressure difference, in pascals, 
is needed to drive the pig? Assume a linear velocity profile in the oil and neglect air drag. 


Solution: Since the problem calls for pascals, convert everything to SI units: 
Find the shear stress in the oil, multiply that by the cylinder wall area to get the required force, 
and divide the force by the area of the cylinder face to find the required pressure difference. 


Comment: The Reynolds number of the clearance flow, Re = pVC/y, is approximately 0.8. 
Dot = (51° in)(0.0254") = 0.1508m 3; L=(26in)(0.0254”) = 0.6604m 
in in 


Clearance = C = (D pipe —Deyi)/2 = (6-51 in)(0.0254)/2 = 0.000794m 
in 


pipe 
Table A.3, glycerin: u = 1.49 kg/m-s , p = 1260 kg/m? (p not needed) 


Shear stress rT = wV/C = (1.49 kg/m—s)(1.2m/s)/0.000794m = 2252 N/m? 


Shear force F = T Apan = T(t Dey L) = 


(2252 N / m? )[æ(0.1508m)(0.6604m)] = 705N 


Finally, Ap = E = DON = 39500 Pa Ans. 


Acyl face (4 / 4)(0. 1508 m)? 








1.61 An air-hockey puck has m = 50 g and D = 9 cm. When placed on a 20°C air 
table, the blower forms a 0.12-mm-thick air film under the puck. The puck is struck 
with an initial velocity of 10 m/s. How long will it take the puck to (a) slow down to 1 m/s; 
(b) stop completely? Also (c) how far will the puck have travelled for case (a)? 
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Solution: For air at 20°C take u ~ 1.8E-5 kg/m's. Let A be the bottom area of the 
puck, A = mD7/4. Let x be in the direction of travel. Then the only force acting in 
the x direction is the air drag resisting the motion, assuming a linear velocity 
distribution in the air: 


DF, =-TtA= -uX A = me where h = air film thickness 


Separate the variables and integrate to find the velocity of the decelerating puck: 


v t 

ava -KÍ dt, or V=V,e™, where K = ùA 
nv V 0 mh 
Integrate again to find the displacement of the puck: 


t 
x= Vat- Vej- e] 
A K 


Apply to the particular case given: air, y~ 1.8E-5 kg/m's, m = 50 g, D = 9 cm, h = 0.12 mm, 
Vo = 10 m/s. First evaluate the time-constant K: 
p - A _ (L8E-S kg/m -s)[(7/4)(0.09 m)’] 
mh (0.050 kg)(0.00012 m) 


~ 0.0191 $7! 





(a) When the puck slows down to 1 m/s, we obtain the time: 
V=1 ms= Vie“! =(10 m/s)! =" or t=121s Ans. (a) 


(b) The puck will stop completely only when eKt=0,or: t=00 Ans. (b) 
(c) For part (a), the puck will have travelled, in 121 seconds, 


V, 
a Nog ems 10 m/s 


K 0.0191 s7 [1 = e7(0-0120(120) =472m Ans. (c) 
A S 


This may perhaps be a little unrealistic. But the air-hockey puck does decelerate slowly! 





1.62 The hydrogen bubbles in Fig. 1.13 have D ~ 0.01 mm. Assume an “air-water” 
interface at 30°C. What is the excess pressure within the bubble? 
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Solution: At 30°C the surface tension from Table A-1 is 0.0712 N/m. For a droplet or 
bubble with one spherical surface, from Eq. (1.32), 
Res 2Y _ 2(0.0712 N/m) 


= = 28500 Pa Ans. 
R (5E-6 m) 





1.63 Derive Eq. (1.37) by making a force balance on the fluid interface in Fig. 1.9c. 


Solution: The surface tension forces YdL1 and YdL2 have a slight vertical component. 
Thus summation of forces in the vertical gives the result 


DF, =0=2YdL, sin(d6,/2) 
+2YdL, sin(d@,/2)—ApdA 


Ap dA 


make YdL1 


YdL2 


YdL1 
Fig. 1.9c 


But dA = dL1dL2 and sin(d@/2) ~ d@/2, so we may solve for the pressure difference: 


dL,d6, + dL,dd, -v(i 24) y 1, L P 
dL,dL, dL, dL, R, R, 





Ap=Y 





P1.64 Determine the maximum diameter of a solid aluminum ball, density p = 2700 
kg/m’, which will “float” on a clean water-air surface at 20°C. 
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Solution: At maximum-weight condition, the ball will float with the surface tension 
supporting force nearly vertical. As shown in the figure, 

the weight of the ball will be balanced 

by the upward surface tension force. 


YzD = p, pD 


Fig. P1.64 
or D = LED 


max 
Po & 


From Table A.3, surface tension Y for a clean water-air surface is 0.0728 N/m. Thus 





compute 
Drax = = = 0.00406m = 4.06mm Ans. 
(2700kg / m X(9.81m/ s^) 
1.65 The system in Fig. P1.65 is used to A eras 
estimate the pressure pı in the tank by 15cm 
measuring the 15-cm height of liquid in 
the 1-mm-diameter tube. The fluid is at 


60°C. Calculate the true fluid height in 

the tube and the percent error due to 

capillarity if the fluid is (a) water; and Fig. P1.65 
(b) mercury. 


Solution: This is a somewhat more realistic variation of Ex. 1.9. Use values from that 
example for contact angle 0: 
(a) Water at 60°C: y= 9640 Nim}, Ox 0°: 


_ 4Ycos@ _ 4(0.0662 N/m)cos(0°) _ 0 
yD (9640 N/m*)(0.001 m) ` 


or: Ahtrue = 15.0 — 2.75 cm = 12.25 em (+22% error) Ans. (a) 


h 





0275 m, 


(b) Mercury at 60°C: y~ 132200 N/m’, 0x 130°: 


4Y cos 4(0.47 N/m)cos 130° 


h = 
yD (132200 N/m°)(0.001 m) 





=—0.0091 m, 
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or: Ah, ve =15.0+0.91~15.91cem(—6%error) Ans. (b) 


true 





1.66 A thin wire ring, 3 cm in diameter, is lifted from a water surface at 20°C. What is 
the lift force required? Is this a good method? Suggest a ring material. 


Solution: In the literature this ring-pull device is called a DuNouy Tensiometer. The 
forces are very small and may be measured by a calibrated soft-spring balance. 
Platinum-iridium is recommended for the ring, being noncorrosive and highly wetting 
to most liquids. There are two surfaces, inside and outside the ring, so the total force 
measured is 


F = (Y 2D) = 2Y7D 


This is crude—commercial devices recommend multiplying this relation by a correction 
factor f= O(1) which accounts for wire diameter and the distorted surface shape. 
For the given data, Y ~ 0.0728 N/m (20°C water/air) and the estimated pull force is 


F =27(0.0728 N/m)(0.03 m) = 0.0137 N_ Ans. 


For further details, see, e.g., F. Daniels et al., Experimental Physical Chemistry, 7th ed., 
McGraw-Hill Book Co., New York, 1970. 





1.67 A vertical concentric annulus, with outer radius ro and inner radius ri, is lowered 
into fluid of surface tension Y and contact angle 6 < 90°. Derive an expression for the 
capillary rise h in the annular gap, if the gap is very narrow. 
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Solution: For the figure above, the force balance on the annular fluid is 
Y cosA(2ar, +2a1,) = pnt -1) h 
Cancel where possible and the result is 


h=2Y cos@{pg(r, —¥,)} Ans. 





1.68* Analyze the shape n(x) of the 
water-air interface near a wall, as shown. 
Assume small slope, R! = d ndx?. The 
pressure difference across the interface is 
Ap ~ pgn, with a contact angle 0 at x = 0 
and a horizontal surface at x = œ. Find an 
expression for the maximum height h. 





Fig. P1.68 


Solution: This is a two-dimensional surface-tension problem, with single curvature. The 
surface tension rise is balanced by the weight of the film. Therefore the differential equation is 


Y dy (dy 
Ap = =— g Y— <<] 
P= P87 R dz? ( dx 
This is a second-order differential equation with the well-known solution, 
7 = C, exp[Kx]+C, exp[-Kx], K=/(pg/Y) 


To keep 7 from going infinite as x = 00, it must be that C1 = 0. The constant C2 is found 
from the maximum height at the wall: 


qx-0= h = C, exp(0), hence C, =h 
Meanwhile, the contact angle shown above must be such that, 


d cot 
_g=—cot(@)=—hK, thus h = —— 
ho (0) u K 
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The complete (small-slope) solution to this problem is: 
n=h exp[-(g/Y)” x], where h = (Y/, pg)” cotO Ans. 


The formula clearly satisfies the requirement that 7 = 0 if x = œ. It requires “small slope” 
and therefore the contact angle should be in the range 70° < 0< 110°. 





1.69 A solid cylindrical needle of diameter 
d, length L, and density pn may “float” on a 
liquid surface. Neglect buoyancy and assume 
a contact angle of 0°. Calculate the maxi- 
mum diameter needle able to float on the 
surface. 





Fig. P1.69 


Solution: The needle “dents” the surface downward and the surface tension forces are 
upward, as shown. If these tensions are nearly vertical, a vertical force balance gives: 


EF, =0=2YL-pg2 PL, or dye | Ans. @) 
4 mpg, 
(b) Calculate dmax for a steel needle (SG ~ 7.84) in water at 20°C. The formula becomes: 


eS 8(0.073 Nm) _0,00156 m=1.6 mm Ans. (b) 
mpg 7(7.84 x 998 kg/m” )(9.81 m/s“) 











1.70 Derive an expression for the capillary- 
height change h, as shown, for a fluid of 
surface tension Y and contact angle 0 be- 
tween two parallel plates W apart. Evaluate 
h for water at 20°C if W = 0.5 mm. 


Solution: With b the width of the plates 
into the paper, the capillary forces on each 
wall together balance the weight of water 
held above the reservoir free surface: 





he 2Y cosO 


pgWhb = 2(Ybcos8), or: 
pew 
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For water at 20°C, Y ~ 0.0728 N/m, pg ~ 9790 Nim}, and 0 = 0°. Thus, for W = 0.5 mm, 


2(0.0728 N/m)cos 0° 


= _$§$§$ WM ——— 20.030 mz~30 mm Ans. 
(9790 N/m?)(0.0005 m) 





1.71* A soap bubble of diameter D1 coalesces with another bubble of diameter D2 to 
form a single bubble D3 with the same amount of air. For an isothermal process, express 
D3 as a function of D1, D2, patm, and surface tension Y. 
Solution: The masses remain the same for an isothermal process of an ideal gas: 

M, +M) = AY, + PV) = My = P3b3, 


(? a) , g +4¥in\( Zp) -(2 os) By) 
RT 6 RT 6 RT 6 


The temperature cancels out, and we may clean up and rearrange as follows: 





p, D? + 8YD? = (p,D3 + 8YD3} + (p,D} + 8YD;} Ans. 


This is a cubic polynomial with a known right hand side, to be solved for D3. 





1.72 Early mountaineers boiled water to estimate their altitude. If they reach the top and 
find that water boils at 84°C, approximately how high is the mountain? 


Solution: From Table A-5 at 84°C, vapor pressure py = 55.4 kPa. We may use this 
value to interpolate in the standard altitude, Table A-6, to estimate 


z~ 4800 m_ Ans. 





1.73 A small submersible moves at velocity V in 20°C water at 2-m depth, where 
ambient pressure is 131 kPa. Its critical cavitation number is Ca ~ 0.25. At what 
velocity will cavitation bubbles form? Will the body cavitate if V = 30 m/s and the 
water is cold (5°C)? 


Solution: From Table A-5 at 20°C read py = 2.337 kPa. By definition, 





= 9.95 = 2Pa Pv) _ 2131000-2337) ive V 


Ca... > cri 
JE pv? (998 kg/m?) V? ' 


z32.1 m/s Ans. (a) 
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If we decrease water temperature to DG the vapor pressure reduces to 863 Pa, and the 
density changes slightly, to 1000 kg/m’. For this condition, if V = 30 m/s, we compute: 


_ 2(131000 -863) _ 
(1000)(30)° 


0.289 


This is greater than 0.25, therefore the body will not cavitate for these conditions. Ans. (b) 





1.74 Oil, with a vapor pressure of 20 kPa, is delivered through a pipeline by equally- 
spaced pumps, each of which increases the oil pressure by 1.3 MPa. Friction losses in the 
pipe are 150 Pa per meter of pipe. What is the maximum possible pump spacing to avoid 
cavitation of the oil? 


Solution: The absolute maximum length L occurs when the pump inlet pressure is 
slightly greater than 20 kPa. The pump increases this by 1.3 MPa and friction drops the 
pressure over a distance L until it again reaches 20 kPa. In other words, quite simply, 


1.3 MPa = 1,300,000 Pa=(150 Pa/m)L, or L,,,, ¥ 8660m Ans. 


It makes more sense to have the pump inlet at 1 atm, not 20 kPa, dropping L to about 8 km. 





1.75 An airplane flies at 555 mi/h. At what altitude in the standard atmosphere will 
the airplane’s Mach number be exactly 0.8? 


Solution: First convert V= 555 mi/h x 0.44704 = 248.1 m/s. Then the speed of sound is 


Ae _ 248.1m/s 
“Ma 0.8 


=310m/s 


Reading in Table A.6, we estimate the altitude to be approximately 7500 m. Ans. 





1.76 Estimate the speed of sound of steam at 200°C and 400 kPa, (a) by an ideal-gas 
approximation (Table A.4); and (b) using EES (or the Steam Tables) and making small 
isentropic changes in pressure and density and approximating Eq. (1.38). 

Solution: (a) For steam, k ~ 1.33 and R = 461 m ?/s?-K. The ideal gas formula predicts: 


a = (kRT) = V1.33(461 m7/s” -K)(200 +273 K)} = 539 m/s Ans. (a) 
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(b) The old way to do this: We use the formula a = \(Gp/dp)s ~ V{Ap|s/Ap|s} for 
small isentropic changes in p and p. From EES, at 200°C and 400 kPa, the entropy is 
s = 1.872 kJ/kg'K. B and lower the pressure 1 kPa at me same entropy. At p = 401 
kPa, pz 1.87565 kg/m’. At p = 399 kPa, p = 1.86849 kg/m’. Thus Ap = 0.00716 
kg/m’, Ap = 2000 Pa, and the formula for sound speed predicts: 


~ JtAapl/Apl} =4/{(2000 N/m? )/(0.00716 kg/m?)} =529 m/s Ans. (b) 


Again, as in Prob. 1.34, the ideal gas approximation is within 2% of a Steam-Table solution. 
(b1) The new way to do this: EES now has a speed-of-sound thermophysical function: 
a = SOUNDSPEED(steam, p=400,T=200) = 528.8 m/s Ans.(b1) 


NOTE: You have to specify a unit system in EES. Here we used kilopascals and degrees C. 





1.77 The density of gasoline varies with pressure approximately as follows: 


p, atm: 1 500 1000 1500 
P Ibm/ft?: 42.45 44.85 46.60 47.98 


Estimate (a) its speed of sound, and (b) its bulk modulus at 1 atm. 


Solution: For a crude estimate, we could just take differences of the first two points: 


500 —1)(2116) Ibf/ft? ft m 
ax.|(Ap/Ap = ON OO 2 ~ 3760 —~1150 — Ans. (a) 
P (44.85 — 42.45)/32.2 slug/ft? s s 5 


B ~ pa? =[42.45/32.2 slug/ft?](3760 ft/s} ~ 1.87E7 T x895 MPa Ans. (b) 


For more accuracy, we could fit the data to the nonlinear equation of state for liquids, 
Eq. (1.22). The best-fit result for gasoline (data above) is n ~ 8.0 and B ~ 900. 

Equation (1.22) is too simplified to show temperature or entropy effects, so we 
assume that it approximates “isentropic” conditions and thus differentiate: 


i dp _ n(B+1)p, i 
P S(B+IXØA)-B, or: a? =F s BtDP yg 
Pa dp R 


or, atlatm, ajiquia = n(B+ Dp,/2, 
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The bulk modulus of gasoline is thus approximately: 





TE 


7 pl! am= (B+ 1)p, = (8.0)(901)(101350 Pa) = 731 MPa Ans. (b) 
p 


And the speed of sound in gasoline is approximately, 


ai am =[(8.0)(901)(101350 Pa)/(680 kg/m*)]'? ~ 1040 ™ Ans. (a) 
sS 





1.78 Sir Isaac Newton measured sound speed by timing the difference between 
seeing a cannon’s puff of smoke and hearing its boom. If the cannon is on a mountain 
5.2 miles away, estimate the air temperature in °C if the time difference is (a) 24.2 s; 
(b) 25.1 s. 


Solution: Cannon booms are finite (shock) waves and travel slightly faster than sound 
waves, but what the heck, assume it’s close enough to sound speed: 








Oe ee 2(3280)(0.3048) age M 1.4287)T, T=298K~25°C Ans. (a) 
At 24.2 s 
(b) ax a = soe = 333.4 = 142871, Tx277K~4°C Ans. (b) 
5 S 





P1.79 From Table A.3, the density of glycerin at standard conditions is about 1260 
kg/m’. Ata very high pressure of 8000 Ib/in’, its density increases to approximately 1275 
kg/m’. Use this data to estimate the speed of sound of glycerin, in ft/s. 


Solution: For a liquid, we simplify Eq. (1.38) to a pressure-density ratio, without 
knowing if the process is isentropic or not. This should give satisfactory accuracy: 


3 Ap (8000 —15Ib/ in” )(6895 Pa/ psi) m? 
glycerin Z = 3 = 3.67E6 7 
Ap (1275-1260) kg/m s 


Hence a x 43.67E6 =~ 1920m/s =~ 6300 ft/s Ans. 


a 
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The accepted value, in Table 9.1, is 6100 ft/s. This accuracy (3%) is very good, 
considering the small change in density (1.2%). 


P1.80 In Problem P1.24, for the given data, the air velocity at section 2 is 1180 ft/s. 
What is the Mach number at that section? 


Solution: First convert 1180 ft/s to 360 m/s. With T2 given as 223 K, evaluate the speed 
of sound at section 2, assuming, as stated, an ideal gas: 


ay = KRT) = 41.4(287m? /s? - K)\(223K) = 299 m/s 


Then Ma, = Vo. = 360m/s 
ay 299 m/s 
This kind of calculation will be a large part of the material in Chap. 9, Compressible 


Flow. 


1.20 Ans. 


1.81 Repeat Ex. 1.13 by letting the velocity components increase linearly with time: 


V = Kxti — Kytj + 0k 


Solution: The flow is unsteady and two-dimensional, and Eq. (1.44) still holds: 


Streamline: ee or: dx __dy 
u v Kxt -Kyt 


The terms K and t both vanish and leave us with the same result as in Ex. 1.13, that is, 
f dx/x = -Í dy/y, or: xy=C Ans. 


The streamlines have exactly the same “stagnation flow” shape as in Fig. 1.13. 
However, the flow is accelerating, and the mass flow between streamlines is 
constantly increasing. 
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1.82 A velocity field is given by u = Vcos@ v = V sin, and w = 0, where V and @ are 
constants. Find an expression for the streamlines of this flow. 


Solution: Equation (1.44) may be used to find the streamlines: 


de a FOES 2 dy > Or: Y tang 
uv. Vcos@ Vsin@ dx 





Solution: y=(tan@)x+constant Ans. 


The streamlines are straight parallel lines which make an angle @ with the x axis. In 
other words, this velocity field represents a uniform stream V moving upward at 
angle 6. 





1.83* A two-dimensional unsteady velocity field is given by u = x(1 + 2t), v = y. Find 
the time-varying streamlines which pass through some reference point (xo,yo). Sketch 
some. 


Solution: Equation (1.44) applies with time as a parameter: 


dx dx _dy_dy 








1 
= z , or: ln(y)= In(x) + constant 
u x+ v y V= ga 


1/(1+2t) 
> 


or: y=Cx where C is a constant 


In order for all streamlines to pass through y = yo at x = xo, the constant must be 
such that: 


y=y,(x/x,)/0 Ans. 


Some streamlines are plotted on the next page and are seen to be strongly time-varying. 
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P1.84 Inthe early 1900’s, the British chemist Sir Cyril Hinshelwood quipped that fluid 
dynamics was divided into ’workers who observed things they could not explain and workers 
who explained things they could not observe”. To what historic situation was he referring? 


Solution: He was referring to the split between hydraulics engineers, who performed 
experiments but had no theory for what they were observing, and theoretical 
hydrodynamicists, who found numerous mathematical solutions, for inviscid flow, that were 
not verified by experiment. 


1.85-a Report to the class on the achievements of Evangelista Torricelli. 


Solution: Torricelli’s biography is taken from a goldmine of information which I did not 
put in the references, preferring to let the students find it themselves: C. C. Gillespie (ed.), 
Dictionary of Scientific Biography, 15 vols., Charles Scribner’s Sons, New York, 1976. 

Torricelli (1608—1647) was born in Faenza, Italy, to poor parents who recognized his 
genius and arranged through Jesuit priests to have him study mathematics, philosophy, 
and (later) hydraulic engineering under Benedetto Castelli. His work on dynamics of 
projectiles attracted the attention of Galileo himself, who took on Torricelli as an 
assistant in 1641. Galileo died one year later, and Torricelli was appointed in his place as 
“mathematician and philosopher” by Duke Ferdinando II of Tuscany. He then took up 
residence in Florence, where he spent his five happiest years, until his death in 1647. In 
1644 he published his only known printed work, Opera Geometrica, which made him 
famous as a mathematician and geometer. 
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In addition to many contributions to geometry and calculus, Torricelli was the first to 
show that a zero-drag projectile formed a parabolic trajectory. His tables of trajectories 
for various angles and initial velocities were used by Italian artillerymen. He was an 
excellent machinist and constructed—and sold—the very finest telescope lenses in Italy. 

Torricelli’s hydraulic studies were brief but stunning, leading Ernst Mach to proclaim 
him the ‘founder of hydrodynamics.’ He deduced his theorem that the velocity of efflux 
from a hole in a tank was equal to V(2gh), where / is the height of the free surface above 
the hole. He also showed that the efflux jet was parabolic and even commented on water- 
droplet breakup and the effect of air resistance. By experimenting with various liquids in 
closed tubes—including mercury (from mines in Tuscany)—he thereby invented the 
barometer. From barometric pressure (about 30 feet of water) he was able to explain why 
siphons did not work if the elevation change was too large. He also was the first to 
explain that winds were produced by temperature and density differences in the atmo- 
sphere and not by “evaporation.” 





1.85-b Report to the class on the achievements of Henri de Pitot. 


Solution: The following notes are abstracted from the Dictionary of Scientific Biography 
(see Prob. 1.85-a). 

Pitot (1695-1771) was born in Aramon, France, to patrician parents. He hated to study 
and entered the military instead, but only for a short time. Chance reading of a textbook 
obtained in Grenoble led him back to academic studies of mathematics, astronomy, and 
engineering. In 1723 he became assistant to Réamur at the French Academy of Sciences 
and in 1740 became a civil engineer upon his appointment as a director of public works in 
Languedoc Province. He retired in 1756 and returned to Aramon until his death in 1771. 

Pitot’s research was apparently mediocre, described as “competent solutions to 
minor problems without lasting significance’—not a good recommendation for tenure 
nowadays! His lasting contribution was the invention, in 1735, of the instrument which 
bears his name: a glass tube bent at right angles and inserted into a moving stream with 
the opening facing upstream. The water level in the tube rises a distance h above the 
surface, and Pitot correctly deduced that the stream velocity x V(2gh). This is still a 
basic instrument in fluid mechanics. 
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1.85-c Report to the class on the achievements of Antoine Chézy. 


Solution: The following notes are from Rouse and Ince [Ref. 12]. 

Chézy (1718-1798) was born in Châlons-sur-Marne, France, studied engineering at the Ecole 
des Ponts et Chaussées and then spent his entire career working for this school, finally being 
appointed Director one year before his death. His chief contribution was to study the flow in open 
channels and rivers, resulting in a famous formula, used even today, for the average velocity: 


V = const,/AS/P 


where A is the cross-section area, S the bottom slope, and P the wetted perimeter, i.e., the 
length of the bottom and sides of the cross-section. The “constant” depends primarily on 
the roughness of the channel bottom and sides. [See Chap. 10 for further details.] 





1.85-d Report to the class on the achievements of Gotthilf Heinrich Ludwig Hagen. 


Solution: The following notes are from Rouse and Ince [Ref. 12]. 

Hagen (1884) was born in Königsberg, East Prussia, and studied there, having among 
his teachers the famous mathematician Bessel. He became an engineer, teacher, and 
writer and published a handbook on hydraulic engineering in 1841. He is best known for 
his study in 1839 of pipe-flow resistance, for water flow at heads of 0.7 to 40 cm, 
diameters of 2.5 to 6 mm, and lengths of 47 to 110 cm. The measurements indicated that 
the pressure drop was proportional to Q at low heads and proportional (approximately) to 
Q? at higher heads, where “strong movements” occurred—turbulence. He also showed 
that Ap was approximately proportional to D4, 

Later, in an 1854 paper, Hagen noted that the difference between laminar and turbulent 
flow was clearly visible in the efflux jet, which was either “smooth or fluctuating,” and in 
glass tubes, where sawdust particles either “moved axially” or, at higher Q, “came into 
whirling motion.” Thus Hagen was a true pioneer in fluid mechanics experimentation. 
Unfortunately, his achievements were somewhat overshadowed by the more widely 
publicized 1840 tube-flow studies of J. L. M. Poiseuille, the French physician. 





1.85-e Report to the class on the achievements of Julius Weisbach. 


Solution: The following notes are abstracted from the Dictionary of Scientific Biography 
(see Prob. 1.85-a) and also from Rouse and Ince [Ref. 12]. 

Weisbach (1806-1871) was born near Annaberg, Germany, the 8th of nine children 
of working-class parents. He studied mathematics, physics, and mechanics at Göttingen 
and Vienna and in 1931 became instructor of mathematics at Freiberg Gymnasium. In 
1835 he was promoted to full professor at the Bergakademie in Freiberg. He published 
15 books and 59 papers, primarily on hydraulics. He was a skilled laboratory worker and 
summarized his results in Experimental-Hydraulik (Freiberg, 1855) and in the Lehrbuch 
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der Ingenieur- und Maschinen-Mechanik (Brunswick, 1845), which was still in print 
60 years later. There were 13 chapters on hydraulics in this latter treatise. Weisbach 
modernized the subject of fluid mechanics, and his discussions and drawings of flow 
patterns would be welcome in any 20th century textbook—see Rouse and Ince [23] for 
examples. 

Weisbach was thie first to write the pipe-resistance head-loss formula in modern form: 
hf(pipe) = f(L/D)(V2 /2g), where f was the dimensionless ‘friction factor,’ which Weisbach 
noted was not a constant but related to the pipe flow parameters [see Sect. 6.4]. He was also 
the first to derive the “weir equation” for volume flow rate Q over a dam of crest length L: 


Gx26 (22) al ye ya Pars gH? 
ER a {3} a 


where H is the upstream water head level above the dam crest and Cw is a 
dimensionless weir coefficient ~ O(unity). [see Sect. 10.7] In 1860 Weisbach received 
the first Honorary Membership awarded by the German engineering society, the Verein 
Deutscher Ingenieure. 





1.85-f Report to the class on the achievements of George Gabriel Stokes. 


Solution: The following notes are abstracted from the Dictionary of Scientific 
Biography (see Prob. 1.85-a). 

Stokes (1819-1903) was born in Skreen, County Sligo, Ireland, to a clergical family 
associated for generations with the Church of Ireland. He attended Bristol College and 
Cambridge University and, upon graduation in 1841, was elected Fellow of Pembroke 
College, Cambridge. In 1849, he became Lucasian Professor at Cambridge, a post once 
held by Isaac Newton. His 60-year career was spent primarily at Cambridge and resulted 
in many honors: President of the Cambridge Philosophical Society (1859), secretary 
(1854) and president (1885) of the Royal Society of London, member of Parliament 
(1887-1891), knighthood (1889), the Copley Medal (1893), and Master of Pembroke 
College (1902). A true ‘natural philosopher,’ Stokes systematically explored hydro- 
dynamics, elasticity, wave mechanics, diffraction, gravity, acoustics, heat, meteorology, 
and chemistry. His primary research output was from 1840-1860, for he later became tied 
down with administrative duties. 
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In hydrodynamics, Stokes has several formulas and fields named after him: 


(1) The equations of motion of a linear viscous fluid: the Navier-Stokes equations. 
(2) The motion of nonlinear deep-water surface waves: Stokes waves. 

(3) The drag on a sphere at low Reynolds number: Stokes’ formula, F = 32piVD. 

(4) Flow over immersed bodies for Re «<1: Stokes flow. 

(5) A metric (CGS) unit of kinematic viscosity, v: 1 cm?/s = | stoke. 

(6) A relation between the Ist and 2nd coefficients of viscosity: Stokes’ hypothesis. 
(7) A stream function for axisymmetric flow: Stokes’ stream function [see Chap. 8]. 


Although Navier, Poisson, and Saint-Venant had made derivations of the equations of 
motion of a viscous fluid in the 1820’s and 1830’s, Stokes was quite unfamiliar with the 
French literature. He published a completely independent derivation in 1845 of the 
Navier-Stokes equations [see Sect. 4.3], using a ‘continuum-calculus’ rather than a 
‘molecular’ viewpoint, and showed that these equations were directly analogous to the 
motion of elastic solids. Although not really new, Stokes’ equations were notable for 
being the first to replace the mysterious French ‘molecular coefficient’ ¢ by the 
coefficient of absolute viscosity, 4. 





1.85-g Report to the class on the achievements of Moritz Weber. 


Solution: The following notes are from Rouse and Ince [Ref. 12]. 

Weber (1871-1951) was professor of naval mechanics at the Polytechnic Institute of 
Berlin. He clarified the principles of similitude (dimensional analysis) in the form used 
today. It was he who named the Froude number and the Reynolds number in honor of 
those workers. In a 1919 paper, he developed a dimensionless surface-tension (capillarity) 
parameter [see Sect. 5.4] which was later named the Weber number in his honor. 





1.85-h Report to the class on the achievements of Theodor von Karman. 


Solution: The following notes are abstracted from the Dictionary of Scientific Biography 
(see Prob. 1.85-a). Another good reference is his ghost-written (by Lee Edson) auto- 
biography, The Wind and Beyond, Little-Brown, Boston, 1967. 

Karman (1881-1963) was born in Budapest, Hungary, to distinguished and well- 
educated parents. He attended the Technical University of Budapest and in 1906 received 
a fellowship to Göttingen, where he worked for six years with Ludwig Prandtl, who had 
just developed boundary layer theory. He received a doctorate in 1912 from Göttingen 
and was then appointed director of aeronautics at the Polytechnic Institute of Aachen. He 
remained at Aachen until 1929, when he was named director of the newly formed 
Guggenheim Aeronautical Laboratory at the California Institute of Technology. Kármán 
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developed CalTech into a premier research center for aeronautics. His leadership spurred 
the growth of the aerospace industry in southern California. He helped found the Jet 
Propulsion Laboratory and the Aerojet General Corporation. After World War I, Karman 
founded a research arm for NATO, the Advisory Group for Aeronautical Research and 
Development, whose renowned educational institute in Brussels is now called the Von 
Karman Center. 

Karman was uniquely skilled in integrating physics, mathematics, and fluid mechanics 
into a variety of phenomena. His most famous paper was written in 1912 to explain the 
puzzling alternating vortices shed behind cylinders in a steady-flow experiment conducted 
by K. Hiemenz, one of Karman’s students—these are now called Kármán vortex streets 
[see Fig. 5.2a]. Shed vortices are thought to have caused the destruction by winds of the 
Tacoma Narrows Bridge in 1940 in Washington State. 

Karman wrote 171 articles and 5 books and his methods had a profound influence on 
fluid mechanics education in the 20th century. 





1.85-i Report to the class on the achievements of Paul Richard Heinrich Blasius. 


Solution: The following notes are from Rouse and Ince [Ref. 12]. 

Blasius (1883-1970) was Ludwig Prandtl’s first graduate student at Gottingen. His 
1908 dissertation gave the analytic solution for the laminar boundary layer on a flat plate 
[see Sect. 7.4]. Then, in two papers in 1911 and 1913, he gave the first demonstration that 
pipe-flow resistance could be nondimensionalized as a plot of friction factor versus 
Reynolds number—the first “Moody-type” chart. His correlation, f ¥ 0.316 Reg", is still 
is use today. He later worked on analytical solutions of boundary layers with variable 


pressure gradients. 





1.85-j |Report to the class on the achievements of Ludwig Prandtl. 


Solution: The following notes are from Rouse and Ince [Ref. 12]. 

Ludwig Prandtl (1875-1953) is described by Rouse and Ince [23] as the father of modern 
fluid mechanics. Born in Munich, the son of a professor, Prandtl studied engineering and 
received a doctorate in elasticity. But his first job as an engineer made him aware of the lack 
of correlation between theory and experiment in fluid mechanics. He conducted research 
from 1901-1904 at the Polytechnic Institute of Hanover and presented a seminal paper in 
1904, outlining the new concept of “boundary layer theory.” He was promptly hired as 
professor and director of applied mechanics at the University of Gottingen, where he 
remained throughout his career. He, and his dozens of famous students, started a new 
“engineering science” of fluid mechanics, emphasizing (1) mathematical analysis based upon 
by physical reasoning; (2) new experimental techniques; and (3) new and inspired flow- 
visualization schemes which greatly increased our understanding of flow phenomena. 
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In addition to boundary-layer theory, Prandtl made important contributions to 
(1) wing theory; (2) turbulence modeling; (3) supersonic flow; (4) dimensional analysis; and 
(5) instability and transition of laminar flow. He was a legendary engineering professor. 





1.85-k Report to the class on the achievements of Osborne Reynolds. 


Solution: The following notes are from Rouse and Ince [Ref. 12]. 

Osborne Reynolds (1842-1912) was born in Belfast, Ireland, to a clerical family and 
studied mathematics at Cambridge University. In 1868 he was appointed chair of 
engineering at a college which is now known as the University of Manchester Institute 
of Science and Technology (UMIST). He wrote on wide-ranging topics—mechanics, 
electricity, navigation—and developed a new hydraulics laboratory at UMIST. He was 
the first person to demonstrate cavitation, that is, formation of vapor bubbles due to high 
velocity and low pressure. His most famous experiment, still performed in the 
undergraduate laboratory at UMIST (see Fig. 6.5 in the text) demonstrated transition of 
laminar pipe flow into turbulence. He also showed in this experiment that the viscosity 
was very important and led him to the dimensionless stability parameter pVD/u now 
called the Reynolds number in his honor. Perhaps his most important paper, in 1894, 
extended the Navier-Stokes equations (see Eqs. 4.38 of the text) to time-averaged 
randomly fluctuating turbulent flow, with a result now called the Reynolds equations of 
turbulence. Reynolds also contributed to the concept of the control volume which forms 
the basis of integral analysis of flow (Chap. 3). 





1.85-1 Report to the class on the achievements of John William Strutt, Lord Rayleigh. 


Solution: The following notes are from Rouse and Ince [Ref. 12]. 

John William Strutt (1842-1919) was born in Essex, England, and inherited the title 
Lord Rayleigh. He studied at Cambridge University and was a traditional hydro- 
dynamicist in the spirit of Euler and Stokes. He taught at Cambridge most of his life and 
also served as president of the Royal Society. He is most famous for his work (and his 
textbook) on the theory of sound. In 1904 he won the Nobel Prize for the discovery of 
argon gas. He made at least five important contributions to hydrodynamics: (1) the 
equations of bubble dynamics in liquids, now known as Rayleigh-Plesset theory; (2) the 
theory of nonlinear surface waves; (3) the capillary (surface tension) instability of jets; 
(4) the “heat-transfer analogy” to laminar flow; and (5) dimensional similarity, especially 
related to viscosity data for argon gas and later generalized into group theory which 
previewed Buckingham’s Pi Theorem. He ended his career as president, in 1909, of the 
first British committee on aeronautics. 
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1.85-m_ Report to the class on the achievements of Daniel Bernoulli. 


Solution: The following notes are from Rouse and Ince [Ref. 12]. 

Daniel Bernoulli (1700-1782) was born in Groningen, Holland, his father, Johann, 
being a Dutch professor. He studied at the University of Basel, Switzerland, and taught 
mathematics for a few years at St. Petersburg, Russia. There he wrote, and published in 
1738, his famous treatise Hydrodynamica, for which he is best known. This text 
contained numerous ingenious drawings illustrating various flow phenomena. Bernoulli 
used energy concepts to establish proportional relations between kinetic and potential 
energy, with pressure work added only in the abstract. Thus he never actually derived the 
famous equation now bearing his name (Eq. 3.77 of the text), later derived in 1755 by his 
friend Leonhard Euler. Daniel Bernoulli never married and thus never contributed 
additional members to his famous family of mathematicians. 





1.85-n Report to the class on the achievements of Leonhard Euler. 


Solution: The following notes are from Rouse and Ince [Ref. 12]. 

Leonhard Euler (1707-1783) was born in Basel, Switzerland, and studied mathematics 
under Johann Bernoulli, Daniel’s father. He succeeded Daniel Bernoulli as professor of 
mathematics at the St. Petersburg Academy, leaving there in 1741 to join the faculty of 
Berlin University. He lost his sight in 1766 but continued to work, aided by a prodigious 
memory, and produced a vast output of scientific papers, dealing with mathematics, 
optics, mechanics, hydrodynamics, and celestial mechanics (for which he is most famous 
today). His famous paper of 1755 on fluid flow derived the full inviscid equations of fluid 
motion (Eqs. 4.36 of the text) now called Euler’s equations. He used a fixed coordinate 
system, now called the Eulerian frame of reference. The paper also presented, for the first 
time, the correct form of Bernoulli’s equation (Eq. 3.77 of the text). Separately, in 1754 
he produced a seminal paper on the theory of reaction turbines, leading to Euler’s turbine 
equation (Eq. 11.11 of the text). 





P1.86 A right circular cylinder volume vis to be calculated from the measured base radius R 
and height H. Ifthe uncertainty in R is 2% and the uncertainty in H is 3%, estimate the overall 
uncertainty in the calculated volume. 


Solution: The formula for volume is, of course, v= mR°H. There are two terms to be 
calculated on the right-hand side of Eq. (1.43): 
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OL R = RHR ; ÊL SH = mR? H 
aR oH 


Expressed as a ratio to the volume, these become 


ldueto H = = 
aR? H 


D |duetoR = aR2H = R > 





ôv 2nRH OR R ov aR? SH _ OH 
v H 
Note R/R = 2% and H/H = 3%. The overall uncertainty in the volume is a root-mean-square: 


È = ey + Sy = [{2(2%)}7+ 8%] = (16+9)'/7= 25)? =5% Ans. 


Because it is doubled, the error in radius contributes more to the overall uncertainty. 





P1.87 A dimensionless parameter, important in natural convection heat transfer of 
fluids, is the Grashof number: 


gBP LAT 
2 
4 
where g is the acceleration of gravity, 2 is the thermal expansion coefficient, p the 
density, L a characteristic length, AT a temperature difference, and x the viscosity. If the 


uncertainty of each of these variables is +2 per cent, determine the overall uncertainty of 


Gr 


the Grashof number. 


Solution: This grouping of variables fits the conditions of Eq. (1.44): 





Ot CE E E N a N T oZy 


Gr g B pP L AT 
= [(0%)* +(2%) +12(2%)} +{32%)}? +2% +122% 
= J16 = +8.7% Ans. 


The fact that the length error is cubed contributes about two-thirds of this uncertainty. 
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P1.88 The device in Fig. P1.54 is called a rotating disk viscometer [29]. Suppose that 
R=5cmandh=1 mm. (a) Ifthe torque required to rotate the disk at 900 r/min is 0.537 N-m, 
what is the viscosity of the fluid? (b) Ifthe uncertainty in each parameter (M, R, h, Q) is 1%, 
what is the overall uncertainty in the viscosity? 


Solution: From Prob. 1.54, the analytical result for the required torque M is 





4 
M = AUSB, rewrite this as u = ee 
h TOR 
(a) First convert to radians: 2 = 900 r/min x 27/60 = 94.2 rad/s. Then apply the formula: 
_ M E _ EE - 029 N-s _ 0.29 kg Anst) 
TOR m(94.2rad / s)(0.05m) m m- 
This could be SAE 30W oil! 


(b) in calculating uncertainty, the only complication is the term R*, whose uncertainty, from Eq. (1.44), is 
4 times the uncertainty in R: 





4 
Ae ae 
R* R 
That said, the overall uncertainty in viscosity is calculated as 
Su Ma dha, Ra Raan 
a LGP EGD H œ? E Go] 
= (1%)? + (1%)? + 1%)? + {401%)}7 J"? = V19 = 4.4%  Ans.(b) 


Clearly the error in R is responsible for almost all of the uncertainty in the viscosity. 





P1.89 For the cone-plate viscometer of Fig. P1.56, suppose R = 6 cm and 0 =3°. (a) Ifthe 
torque M required to rotate the cone at 600 r/min is 0.157 N-m, what is the viscosity of the fluid? 
(b) Ifthe uncertainty in each parameter (M, R, 0, 2) is +2%, what is the overall uncertainty in 
the viscosity? 


Solution: First convert 600 r/min to (600)(27/60) = 62.8 rad/s. (a) From Prob. 1.5, the 
analytical result for the measured viscosity x is calculated as 
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3M sin _ 3(0.157N -m)sin(3°) _ 0.29025 gst kg 
5 { 


3 3 : Ans.(a) 
27QR 27(62.8 rad / s)(0.06m) m m-s 


Once again, this could be SAE 30W oil! (b) The only complication in the uncertainty calculation 
is that the error in R? is three times the error in R: 
aR? 
OR> CR — 3R°R | 3 oR 
R? R? R? R 





Then the overall uncertainty is computed as 








ôu _ Ma 60,2 Qa ER aan 
i Le. ae a +O] 
= [(2%)* + (2%)? + (2%)? + BAPI? = V48 = 6.9%  Ans.(b) 


The radius R, whose error is tripled, dominates the uncertainty. 





P1.90 The dimensionless drag coefficient Cp of a sphere, to be studied in Chaps. 5 and 7, is 


a 
(1/2) pV? (a /4)D? 
where F is the drag force, p the fluid density, V the fluid velocity, and D the sphere diameter. If 


the uncertainties of these variables are F (+3%), p (+1.5%), V (+2%), and D (+1%), what is the 
overall uncertainty in the measured drag coefficient? 


Solution: Since F and p occur alone, i.e. to the 1* power, their uncertainties are as stated. 
However, both V and D are squared, so the relevant uncertainties are doubled: 


ov? V SD? 5D 
y? 4 D D 
Putting together the four different uncertainties in the definition of Cp, we obtain 





24 2 p2 


= [8% + (1.5%)? + {2(2%)}” + {201%)}7] = v31.25 = 5.6% Ans. 
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The largest contribution comes from the uncertainty in velocity. 





FUNDAMENTALS OF ENGINEERING EXAM PROBLEMS: Answers 


FE-1.1 The absolute viscosity x of a fluid is primarily a function of 
(a) density (b) temperature (c) pressure (d) velocity (e) surface tension 


FE-1.2 Carbon dioxide, at 20°C and 1 atm, is compressed isentropically to 4 atm. 
Assume CO; is an ideal gas. The final temperature would be 
(a) 130°C, (b) 162°C, (c) 171°C, (d) 237°C, (e) 313°C 


FE-1.3 Helium has a molecular weight of 4.003. What is the weight of 2 cubic meters 
of helium at 1 atmosphere and 20°C? 
(a)3.3N (b)65N (c)1L8N (d)23.5N (e)94.2 N 
FE-1.4 An oil has a kinematic viscosity of 1.25E—4 m?/s and a specific gravity of 0.80. 
What is its dynamic (absolute) viscosity in kg/(m: s)? 
(a)0.08 (b)0.10 (c)0.125 (d)1.0 (e)1.25 
FE-1.5 Consider a soap bubble of diameter 3 mm. If the surface tension coefficient is 
0.072 N/m and external pressure is 0 Pa gage, what is the bubble’s internal gage pressure? 
(a)-24 Pa (b)+48Pa (c)+96Pa (d)+192 Pa (e)-192 Pa 
FE-1.6 The only possible dimensionless group which combines velocity V, body size L, 
fluid density p, and surface tension coefficient ø is: 
(a) Lpo/V_ (b) pVL7/a- (c) poV7/L_ (d) oLV7/p_ (e) pLV2/a 
FE-1.7 Two parallel plates, one moving at 4 m/s and the other fixed, are separated by 
a 5-mm-thick layer of oil of specific gravity 0.80 and kinematic viscosity 1.25E—4 m/s. 
What is the average shear stress in the oil? 
(a) 80 Pa (b)100Pa (c)125Pa (d)160Pa (e) 200 Pa 
FE-1.8 Carbon dioxide has a specific heat ratio of 1.30 and a gas constant of 189 J/(kg-°C). 


If its temperature rises from 20°C to 45°C, what is its internal energy rise? 
(a) 12.6 kJ/kg (b)15.8kJ/kg (c)17.6kJ/kg (d)20.5kJ/kg (e) 25.1 kJ/kg 
(b) 
FE-1.9 A certain water flow at 20°C has a critical cavitation number, where bubbles 
form, Ca ~ 0.25, where Ca = 2(pa — pvap)/(pV°). If pa = | atm and the vapor pressure is 
0.34 psia, for what water velocity will bubbles form? 
(a) 12 mi/hr (b)28 mi/hr (c)36mi/hr (d)55 mi/hr (e) 63 mi/hr 
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FE-1.10 Example 1.10 gave an analysis which predicted that the viscous moment on a 
rotating disk was M = 2uQR*/(2h). If the uncertainty of each of the four variables (4, Q, R, h) is 
1.0 %, what is the estimated overall uncertainty of the moment M? 

(a)4.0%, (b)44%, (c€)5.0%, (d)6.0%, (e)70% 


COMPREHENSIVE PROBLEMS 


C1.1 Sometimes equations can be developed and practical problems solved by knowing 
nothing more than the dimensions of the key parameters. For example, consider the heat 
loss through a window in a building. Window efficiency is rated in terms of “R value,” 
which has units of ft?-hr-°F/Btu. A certain manufacturer offers a double-pane window with 
R = 2.5 and also a triple-pane window with R = 3.4. Both windows are 3 ft by 5 ft. On 
a given winter day, the temperature difference between inside and outside is 45°F. 
(a) Develop and equation for window heat loss Q, in time period At, as a function of 
window area A, R value, and temperature difference AT. How much heat is lost through the 
above (a) double-pane window, or (b) triple-pane window, in 24 hours? (c) Suppose the 
building is heated with propane gas, at $3.25 per gallon, burning at 80% efficiency. 
Propane has 90,000 Btu of available energy per gallon. In a 24-hour period, how much 
money would a homeowner save, per window, by installing a triple-pane rather than a 
double-pane window? (d) Finally, suppose the homeowner buys 20 such triple-pane 
windows for the house. A typical winter equals about 120 heating days at AT = 45°F. 
Each triple-pane window costs $85 more than the double-pane window. Ignoring interest 
and inflation, how many years will it take the homeowner to make up the additional cost of 
the triple-pane windows from heating bill savings? 


Solution: (a) The function Q = fen(At,R,A,AT) must have units of Btu. The only 
combination of units which accomplishes this is: 


_ AtATA _ (24 hr\(45°F)(3 ft-5 fi) 


Ans. Thus = 
k Pio =F ft -hr-°F/Btu 


= 6480 Btu Ans. (a) 


(b) Triple-pane window: use R = 3.4 instead of 2.5 to obtain Q3-pane = 4760 Btu Ans. (b) 


(c) The savings, using propane, for one triple-pane window for one 24-hour period is: 
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Ree $3.25/ gal 


= ————— (6480 ~ 4760Btu)———— = $0.078 = 7.8 cents Ans.(c) 
90000 Btu / gal 


OM efficiency 
(d) Extrapolate to 20 windows, 120 cold days per year, and $85 extra cost per window: 


Pay — back time = i SS mindow = 9 years Ans.(d) 
(0.078$/ window / day)(120 days / year) 





Not a very good investment. We are using ‘$’ and ‘windows’ as “units” in our equations! 





C1.2 When a person ice-skates, the ice surface actually melts beneath the blades, so 
that he or she skates on a thin film of water between the blade and the ice. (a) Find an 
expression for total friction force F on the bottom of the blade as a function of skater 
velocity V, blade length L, water film thickness h, water viscosity 4, and blade width W. 
(b) Suppose a skater of mass m, moving at constant speed Vo, suddenly stands stiffly 
with skates pointed directly forward and allows herself to coast to a stop. Neglecting air 
resistance, how far will she travel (on two blades) before she stops? Give the answer X 
as a function of (Vo, m, L, h, 4, W). (c) Compute X for the case Vo = 4 m/s, m = 100 
kg, L = 30 cm, W = 5 mm, and h = 0.1 mm. Do you think our assumption of negligible 
air resistance was a good one? 


Solution: (a) The skate bottom and the melted ice are like two parallel plates: 


UVLW 


Ans. (a) 


V 
TEH F=tA= 


(b) Use F = ma to find the stopping distance: 





(the ‘2’ is for two blades) 


Separate and integrate once to find the es 


velocity, once again to find the distance 














traveled: 
-2uLW 20 
Voj ZUEN. dt, or: V=V e ™ ` x=f V dt = vam Ans. (b) 
V mh 2uLW 
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(c) Apply our specific numerical values to a 100-kg (!) person: 


(4.0 m/s)(100 kg)(0.0001 m) 
~ 2(1.788E-3 kg/m-s)(0.3 m)(0.005 m) 





=7460 m(!) Ans. (c) 


We could coast to the next town on ice skates! It appears that our assumption of 
negligible air drag was grossly incorrect. 





C1.3 Two thin flat plates are tilted at an angle œ and placed in a tank of known surface 
tension Y and contact angle @, as shown. At the free surface of the liquid in the tank, the 
two plates are a distance L apart, and of width b into the paper. (a) What is the total 
z-directed force, due to surface tension, acting on the liquid column between plates? (b) If 
the liquid density is p, find an expression for Y in terms of the other variables. 
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Solution: (a) Considering the right side of 
the liquid column, the surface tension acts 
tangent to the local surface, that is, along the 
dashed line at right. This force has 
magnitude F = Yb, as shown. Its vertical 
component is F cos(@—@), as shown. There 
are two plates. Therefore, the total z-directed 
force on the liquid column is 





Fvertical = 2Yb cos(@- @) Ans. (a) 


(b) The vertical force in (a) above holds up the entire weight of the liquid column 
between plates, which is W = pg {bh(L — h tana)}. Set W equal to F and solve for 


Y = [pgbh(L — h tana)]/[2 cos(O— @)] Ans. (b) 





C1.4 Oil of viscosity ~ and density p 
drains steadily down the side of a tall, wide 


vertical plate, as shown. The film is fully oil 
developed, that is, its thickness ô and film 

velocity profile w(x) are independent of 4 

distance z down the plate. Assume that the 

atmosphere offers no shear resistance to the w(x) 

film surface. f 
(a) Sketch the approximate shape of the 

velocity profile w(x), keeping in mind the 5 g 


boundary conditions. 
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(b) Suppose film thickness d is measured, along with the slope of the velocity profile at 
the wall, (dw/dx)wall, with a laser-Doppler anemometer (Chap. 6). Find an expression for 
yas a function of p, 6, (dw/dx)wall, and g. Note that both w and (dw/dx)wall will be 
negative as shown. 


Solution: (a) The velocity profile must 0 


be such that there is no slip (w = 0) at the x3 
wall and no shear (dw/dx = 0) at the film 
surface. This is shown at right. Ans. (a) 


(b) Consider a freebody of any vertical 
length H of film, as at right. Since there is 


no acceleration (fully developed film), the 
weight of the film must exactly balance the 
shear force on the wall: H 
dw d = 
Ww = pg(Hôb) = Twa), Tall =~ leet wall T Ww 
Solve this equality for the fluid viscosity: 
wall 


-p88 
=— PE? ee th 
H= dwidx) te) 


wall 





C1.5 Viscosity can be measured by flow through a thin-bore or capillary tube if the 
flow rate is low. For length L, (small) diameter D << L, pressure drop Ap, and (low) 
volume flow rate Q, the formula for viscosity is w= D Ap/(CLQ), where C is a 
constant. (a) Verify that C is dimensionless. The following data are for water flowing 
through a 2-mm-diameter tube which is 1 meter long. The pressure drop is held 
constant at Ap = 5 kPa. 


T, °C: 10.0 40.0 70.0 
Q, L/min: 0.091 0.179 0.292 


(b) Using proper SI units, determine an average value of C by accounting for the variation 
with temperature of the viscosity of water. 


Solution: (a) Check the dimensions of the formula and solve for {C}: 


m-f- D'Ap| _ | É(ME'T?) -f M | 
LT CLO IOLE) UTOS? 


therefore {C} = {1} Dimensionless Ans. (a) 
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(b) Use the given data, with values of water from Table A.1, to evaluate C, with L= 1 m, 
D = 0.002 m, and Ap = 5000 Pa. Convert the flow rate from L/min to m/s. 


T, °C: 10.0 40.0 70.0 
Q, m?/s: 1.52E-6 2.98E-6 4.87E-6 
Lwater, kg/m-s: 1.307E-3 0.657E-3 0.405E-3 
C =D ApI(uLQ): 40.3 40.9 40.6 


The estimated value of C = 40.6 + 0.3. The theoretical value (Chap. 4) is C = 128/7 = 40.74. 





C1.6 The rotating-cylinder viscometer in Fig. C1.6 shears the fluid in a narrow 
clearance, Ar, as shown. Assume a linear velocity distribution in the gaps. If the driving 
torque M is measured, find an expression for xu by (a) neglecting, and (b) including the 
bottom friction. 


Solution: (a) The fluid in the annular region has the same shear stress analysis as 
Prob. 1.49: 





M=| RdF= [woa] z r( u£) rL ao- 2 EL, 
or: y= Ma Ans. (a) 


(b) Now add in the moment of the (variable) shear stresses on the bottom of the cylinder: 


R Qr 
Mottom =f rrdA =| r HR 2ar dr 
0 


R 4 Viscous 
= a bie 2mQuR Fluid u 
AR 4AR 
27QuR*L 2 4 i 
Thus Moora = —_ oe ee 
M. 
Solve for u= oe Ans. (b) Ar<<R 
27QR’ (L + R/4) 





Fig. C1.6 
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C1.7 SAE 10W oil at 20°C flows past a flat surface, as in Fig. 1.4(b). The velocity 
profile u(y) is measured, with the following results: 


y, m: 0.0 0.003 0.006 0.009 0.012 0.015 
u, m/s: 0.0 1.99 3.94 5.75 7.29 8.46 


Using your best interpolating skills, estimate the shear stress in the oil (a) at the wall (y = 0); 
and (b) at y = 15 mm. 


Solution: For SAE10W oil, from Table A.3, read u = 0.104 kg/m's. We need to 
estimate the derivative (du/dy) at the two values of y, then compute T= (du/dy). 


Method 1: Use a Newton-Raphson three-point derivative estimate. 
At three equally-spaced points, du/dyl, =~ (—3u, + 4u, — u, )/(2Ay). Thus 


(a) at y = 0: du/dy|,_9* [-3(0.00) + 4(1.99) — (3.94) (2 {0.003} ) = 670 s 
Then T= u(du/dy) = (670 s™)(0.104 kg/m-s)=~ 70 Pa Ans. (a) 
(b) aty = 0.015 m: du/dy|,_ = [3(8.46) — 4(7.29) + (5.75) /(2{0.003}) = 328 s! 
Then r= u(du/dy) = (328 s™)(0.104 kg/m-s)=~34Pa Ans. (b) 
Method 2: Type the six data points into Excel and run a cubic “trendline” fit. The result is 
u ~ 656.2y + 4339.8y° — 699163y° 


Differentiating this polynomial at y=0 gives du/dy = 656.2 s', r=68 Pa Ans. (a) 
Differentiating this polynomial aty = 0.015 gives du/dy x314 s, r=33 Pa Ans. (b) 





C1.8 A mechanical device, which uses the rotating cylinder of Fig. C1.6, is the Stormer 
viscometer [Ref. 29 of Chap. 1]. Instead of being driven at constant Q, a cord is wrapped 
around the shaft and attached to a falling weight W. The time ¢ to turn the shaft a given number 
of revolutions (usually 5) is measured and correlated with viscosity. The Stormer formula is 


t= Ayu/(W -B) 


where A and B are constants which are determined by calibrating the device with a known 
fluid. Here are calibration data for a Stormer viscometer tested in glycerol, using a weight 
of 50 N: 


H, kg/m:s: 0.23 0.34 0.57 0.84 1.15 
t, sec: 15 23 38 56 77 
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(a) Find reasonable values of A and B to fit this calibration data. [Hint: The data are not 
very sensitive to the value of B.] (b) A more viscous fluid is tested with a 100-N weight 
and the measured time is 44 s. Estimate the viscosity of this fluid. 


Solution: (a) The data fit well, with a standard deviation of about 0.17 s in the value of 
t, to the values 


Ax3000 and Bx3.5 Ans. (a) 


(b) With a new fluid and a new weight, the values of A and B should nevertheless be 
the same: 


Au 3000 u kg 
t=44s7zx WB = DON solve for Hnew fluid ™ 1.42 ye Ans. (b) 








C1.9 The lever in Fig. P1.101 has a weight W 
at one end and is tied to a cylinder at the other end. 


The cylinder has negligible weight and buoyancy 







and slides upward through a film of heavy oil of 





pivot 
Cylinder, diameter D, 
length L, in an oil film of 
thickness AR 


viscosity x . (a) If there is no acceleration (uniform V> 
lever rotation) derive a formula for the rate of 
fall V2 of the weight. Neglect the lever weight. 
Assume a linear velocity profile in the oil film. Fig. P1.101 

(b) Estimate the fall velocity of the weight if W= 20 N, L; = 75 cm, Ly =50 cm, D= 100 cm, L 


=22cm, AR =1 mm, and the oil is glycerin at 20°C. 


Solution: (a) If the motion is uniform, no acceleration, then the moments balance about the 
pivot: 
vi 
DM pror =0 = WL -FL , where Fy, =1,A, =(u xp PP 
Since the lever is rigid, the endpoint velocities vary according to their lengths from the pivot: 


V =Q0L; V=9L ~» W/L = V/L, 
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Combine these two relations to obtain the desired solution for a highly viscous fluid: 


V = W(L/L) = o Ans.(a) 


(b) For glycerin at 20°C, from Table A.3, 4 = 1.49 kg/m-s. The formula above yields 


WAR ba (20 N)(0.001m) 75cm, 
HADL L (1.49N —s/m7)x(0.1m)(0.22m) 50cm 





3 ~ 0.44 = Ans.(b) 





C1.10 A popular gravity-driven instrument is the Cannon-Ubbelohde viscometer, shown in 
Fig. C1.10. The test liquid is drawn up above the bulb on the right side and allowed to drain by 
gravity through the capillary tube below the bulb. The time ¢ for the meniscus to pass from 
upper to lower timing marks is recorded. The kinematic viscosity is computed by the simple 
formula v = Ct, where C is a calibration constant. For v in the range of 100-500 mm”/s, the 
recommended constant is C = 0.50 mm/s”, with an accuracy less than 0.5%. 


upper timing mark 


bulb of known volume 


Fig. C1.10 ower timing mark 
capillary tube 

The Cannon- 

Ubbelohde 

viscometer. 


reservoir 





(a) What liquids from Table A.3 are in this viscosity range? (b) Is the calibration formula 
dimensionally consistent? (c) What system properties might the constant C depend upon? 
(d) What problem in this chapter hints at a formula for estimating the viscosity? 


Solution: (a) Very hard to tell, because values of v are not listed — sorry, I’ll add these values 
if I remember. It turns out that only three of these 17 liquids are in the 100-500 mm?/s range: 
SAE 10W, 10W30, and 30W oils, at 120, 194, and 326 mm’/s respectively. (b) No, the formula 
is dimensionally inconsistent because C has units; thus C = 0.5 is appropriate only for a mm/s 
result. (c) Hidden in C are the length and diameter of the capillary tube and the acceleration of 
gravity - see Eq. (6.12) later. (d) Problem P1.58 gives a formula for flow through a capillary 
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tube. If the flow is vertical and gravity driven, Ap = pgL and Q = (W/A)LV, leaving a new 
formula as follows: v ~ gd 32V). 





C1.11 Mott [Ref. 49, p. 38] discusses a simple falling-ball viscometer, which we can analyze 
later in Chapter 7. A small ball of diameter D and density p 4 falls though a tube of test liquid. 
The fall velocity V is calculated by the time to fall a measured distance. The formula for 
calculating the viscosity of the fluid is 


(Pp -P)8 D? 

18 V 
This result is limited by the requirement that the Reynolds number (eVD/,) be less than 1.0. 
Suppose a steel ball (SG = 7.87) of diameter 2.2 mm falls in SAE 25W oil (SG = 0.88) at 20°C. 
The measured fall velocity is 8.4 cm/s. (a) What is the viscosity of the oil, in kg/m-s? (b) Is the 
Reynolds number small enough for a valid estimate? 


4= 


Solution: Relating SG to water, Eq. (1.7), the steel density is 7.87(1000) = 7870 kg/m’ and the 
oil density is 0.88(1000) = 880 kg/m’. Using SI units, the formula predicts 








2 3 2 2 
eae (7870 - 880 kg /m?)(9.81m/s°)(0.0022m)” gy KE Ans 
18(0.084 m/s) m-s 
Ghee Ree 2 eee = 0.74< 1.0 OK 
u : 


As mentioned, we shall analyze this falling sphere problem in Chapter 7. 





C1.12 A solid aluminum disk (SG = 2.7) is 2 inches in diameter and 3/16 inch thick. It 
slides steadily down a 14° incline that is coated with a castor oil (SG = 0.96) film one 
hundredth of an inch thick. The steady slide velocity is 2 cm/s. Using Figure A.1 and a 
linear oil velocity profile assumption, estimate the temperature of the castor oil. 


Solution: This problem reviews complicated units, volume and weight, shear stress, and 
viscosity. It fits the sketch in Fig. P1.45. The writer converts to SI units. 


W = Patum & Ah = (2700kg /m?)(9.81m/s*){z[(1/12)(0.3048)] }(3/16/12)(0.3048) = 0.256 N 


The weight component along the incline balances the shear stress, in the castor oil, times 
the bottom flat area of the disk. 
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; V : j 0.02m/s 2 
W sin = u—A , or: (0.256N)sin(14£°) = u[——————————] z[(1 /12)(0.3048 
Sh ( sin) = E7790 712)(0.3048) ml UO! O.3048 ma] 


Solve for 4i ~ 0.39kg/(m-s) 


Looking on Fig. A.1 for castor oil, this viscosity corresponds approximately to 30°C Ans. 
The specific gravity of the castor oil was a red herring and is not needed. Note also that, 
since W is proportional to disk bottom area A, that area cancels out and is not needed. 





Chapter 2 - Pressure Distribution 
in a Fluid 


2.1 For the two-dimensional stress field 
in Fig. P2.1, let 


O,, = 3000 psf ©, = 2000 psf 
Oxy = 500 psf 


Find the shear and normal stresses on plane 
AA cutting through at 30°. 


Solution: Make cut “AA” so that it just 
hits the bottom right corner of the element. 
This gives the freebody shown at right. 
Now sum forces normal and tangential to 
side AA. Denote side length AA as “L.” 





LR aa =0= aal 
— (3000 sin 30 + 500 cos 30)L sin 30 
— (2000 cos 30+ 500 sin 30)L cos 30 





Solve for o,a ~ 2683 Ibf/ft? Ans. (a) 
ZF, aa =0= Taa L- (3000 cos30 — 500 sin 30)L sin 30 — (500 cos 30 — 2000 sin 30)L cos 30 
Solve for Taa ~ 683 Ibf/ft? Ans. (b) 





2.2 For the stress field of Fig. P2.1, change the known data to oxx = 2000 psf, oyy = 3000 
psf, and on(AA) = 2500 psf. Compute oxy and the shear stress on plane AA. 


Solution: Sum forces normal to and tangential to AA in the element freebody above, 
with on(AA) known and oxy unknown: 


XF, aa = 2500L —(0,, cos30° + 2000 sin 30°)L sin 30° 
— (Oxy sin 30° + 3000 cos30°)L cos 30° = 0 
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Solve for o,, = (2500-500 —2250)/0.866 ~ —289 Ibf/ft? Ans. (a) 
In like manner, solve for the shear stress on plane AA, using our result for oxy: 


Z Faa = Taa L — (2000 cos 30° + 289 sin 30°)L sin 30° 
+ (289 cos 30° + 3000 sin 30°)L cos 30° = 0 
Solve for Ty, =938—1515 = —577 Ibf/ft? Ans. (b) 


This problem and Prob. 2.1 can also be solved using Mohr’s circle. 





2.3 A vertical clean glass piezometer tube has an inside diameter of 1 mm. When a 
pressure is applied, water at 20°C rises into the tube to a height of 25 cm. After correcting 
for surface tension, estimate the applied pressure in Pa. 


Solution: For water, let Y = 0.073 N/m, contact angle 0= 0°, and y= 9790 N/m. The 
capillary rise in the tube, from Example 1.9 of the text, is 


h = 2Ycosð _— 2(0.073 N/m)cos(0°) 


P ; 030 m 
yR (9790 N/m°)(0.0005 m) 





Then the rise due to applied pressure is less by that amount: hpress = 0.25 m — 0.03 m = 0.22 m. 
The applied pressure is estimated to be p = yhpress = (9790 N/m? )(0.22 m) ~ 2160 Pa Ans. 





P2.4 Pressure gages, such as the Bourdon gage 
in Fig. P2.4, are calibrated with a deadweight piston. 


If the Bourdon gage is designed to rotate the pointer 


2cm 
diameter 





10 degrees for every 2 psig of internal pressure, how 


many degrees does the pointer rotate if the piston and Fig. P2.4 


weight together total 44 newtons? 


Solution: The deadweight, divided by the piston area, should equal the pressure applied 
to the Bourdon gage. Stay in SI units for the moment: 


F 44N _ 140,060 Pa +6894.8 = 20.3 = 


PBourdon = — Fa 
oe" A piston (7 14)(0.02m)? in 
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At 10 degrees for every 2 psig, the pointer should move approximately 100 degrees. Ans. 





2.5 Denver, Colorado, has an average altitude of 5300 ft. On a U.S. standard day, pres- 
sure gage A reads 83 kPa and gage B reads 105 kPa. Express these readings in gage or 
vacuum pressure, whichever is appropriate. 


Solution: We can find atmospheric pressure by either interpolating in Appendix Table A.6 
or, more accurately, evaluate Eq. (2.27) at 5300 ft 1615 m: 


g/RB 5.26 
Pa =Po h -2z = (101.35 KPI = ae ~ 83.4 kPa 


Therefore: 


Gage A = 83 kPa — 83.4 kPa = —0.4 kPa (gage) = +0.4 kPa (vacuum) 
Gage B = 105 kPa —83.4 kPa =21.6 kPa (gage) Ans. 





2.6 Express standard atmospheric pressure as a head, h = p/pg, in (a) feet of glycerin; 
(b) inches of mercury; (c) meters of water; and (d) mm of ethanol. 


Solution: Take the specific weights, y= pg, from Table A.3, divide patm by 7: 
(a) Glycerin: h = (2116 Ibf/ft”)/(78.7 Ibf/ft?) ~ 26.9 ft Ans. (a) 

(b) Mercury: h = (2116 Ibf/ft”)/(846 Ibf/ft?) = 2.50 ft ~ 30.0 inches Ans. (b) 
(c) Water: h = (101350 N/m2)/(9790 N/m?) = 10.35m Ans. (c) 

(d) Ethanol: h = (101350 N/m?)(7740 N/m?) = 13.1 m ~ 13100 mm Ans. (d) 





P2.7 La Paz, Bolivia is at an altitude of approximately 12,000 ft. Assume a 
standard atmosphere. How high would the liquid rise in a methanol barometer, assumed 
at 20°C? [HINT: Don’t forget the vapor pressure.] 


Solution: Convert 12,000 ft to 3658 meters, and Table A.6, or Eq. (2.20), give 


Baerd 1913501 -0-0065)G658) 15.26. 64,400 Pa 


<= pitt 
Prara: = Poll 5 288.16 
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From Table A.3, methanol has p= 791 kg/m? and a large vapor pressure of 13,400 Pa. 
Then the manometer rise h is given by 


PLaPaz ~ Pvap = ©4400 — 13400 = Pyethanot 81 = O9D(9.81)h 
Solve for Myethano) = 6-57 m Ans. 





2.8 A diamond mine is 2 miles below sea level. (a) Estimate the air pressure at this 
depth. (b) If a barometer, accurate to 1 mm of mercury, is carried into this mine, how 
accurately can it estimate the depth of the mine? 


Solution: (a) Convert 2 miles = 3219 m and use a linear-pressure-variation estimate: 
Then pp, +yvh=101,350 Pa+(12 N/m?)(3219 m) = 140,000 Pa x140 kPa Ans. (a) 


Alternately, the troposphere formula, Eq. (2.27), predicts a slightly higher pressure: 


Pp ~ pa (1- Bz/T,)*” = (101.3 kPa)[1-— (0.0065 K/m)( -3219 m)/288.16 K” 
=147 kPa Ans. (a) 
(b) The gage pressure at this depth is approximately 40,000/133,100 ~ 0.3 m Hg or 


300 mm Hg +1 mm Hg or +0.3% error. Thus the error in the actual depth is 0.3% of 3220 m 
or about +10 m if all other parameters are accurate. Ans. (b) 





P2.9 A storage tank, 26 ft in diameter and 36 ft high, is filled with SAE 30W oil at 
20°C. (a) What is the gage pressure, in lbf/in?, at the bottom of the tank? (b) How does 
your result in (a) change if the tank diameter is reduced to 15 ft? (c) Repeat (a) if 
leakage has caused a layer of 5 ft of water to rest at the bottom of the (full) tank. 


Solution: This is a straightforward problem in hydrostatic pressure. From Table A.3, the 
density of SAE 30W oil is 891 kg/m? + 515.38 = 1.73 slug/ft. (a) Thus the bottom 
pressure is 





slu, t i lb lb 
Phottom = Poit gh = (1.73 a )(32.2 Ë i36 fo) = 2005 - =13.9- f gage Ans.(a) 
s 4 in 


(b) The tank diameter has nothing to do with it, just the depth: Ppottom = 13.9 psig. Ans.(b) 
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(c) If we have 31 ft of oil and 5 ft of water (9 = 1.94 slug/ft*), the bottom pressure is 


Ph = Poit&oit + Pwater 8 water = -73)(32.2)(3 1) + 1.94)(32.2)(5) = 


= 17274+312 = 2039 ier = 14.2 m Ans.(c) 
ft in 








2.10 A closed tank contains 1.5 m of SAE 30 oil, 1 m of water, 20 cm of mercury, and 
an air space on top, all at 20°C. If pbotom = 60 kPa, what is the pressure in the air space? 


Solution: Apply the hydrostatic formula down through the three layers of fluid: 


Pbottom = Pair + oi Moi + Panier D pater + Yeray mercii, 


or: 60000 Pa = p,;, + (8720 N/m?)(1.5 m) +(9790)(1.0 m) + (133100)(0.2 m) 





Solve for the pressure in the air space: pair ~ 10500 Pa Ans. 





2.11 In Fig. P2.11, sensor A reads 1.5 kPa 
(gage). All fluids are at 20°C. Determine 
the elevations Z in meters of the liquid 
levels in the open piezometer tubes B 
and C. 


Solution: (B) Let piezometer tube B be 
an arbitrary distance H above the gasoline- 
glycerin interface. The specific weights are 
Jair ~ 12.0 Nim’, Yeasoline = 6670 N/m’, and 
yglycerin = 12360 N/m?. Then apply the Fig. P2.11 
hydrostatic formula from point A to point B: 





1500 N/m? + (12.0 N/m?)(2.0 m) +6670(1.5- H) 6670(Z, — H—-1.0) = pz = 0 (gage) 





Solve for ZB =2.73m (23 cm above the gasoline-air interface) Ans. (b) 
Solution (C): Let piezometer tube C be an arbitrary distance Y above the bottom. Then 
1500 + 12.0(2.0) + 6670(1.5) + 12360(1.0 — Y) — 12360(Zc — Y) = pc = 0 (gage) 


Solve for Zc=1.93m (93 cm above the gasoline-glycerin interface) Ans. (c) 
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2.12 In Fig. P2.12 the tank contains water 
and immiscible oil at 20°C. What is h in 
centimeters if the density of the oil is 
898 kg/m>? 


Solution: For water take the density = 
998 kg/m?, Apply the hydrostatic relation 
from the oil surface to the water surface, 
skipping the 8-cm part: 





Patm + (898)(g)(h + 0.12) Fig. P2.12 
— (998)(g)(0.06 +0.12) = P m> 
Solve for h=0.08m2=8.0cm Ans. 





2.13 In Fig. P2.13 the 20°C water and gasoline are open to the atmosphere and are at 
the same elevation. What is the height h in the third liquid? 


Solution: Take water = 9790 N/m? and gasoline = 6670 N/m. The bottom pressure 
must be the same whether we move down through the water or through the gasoline into 
the third fluid: 





Fig. P2.13 


Prottom = (9790 N/m?)(1.5 m)+1.60(9790)(1.0) = 1.60(9790)h + 6670(2.5 — h) 
Solve for h=1.52m_ Ans. 
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il 
P2.14 For the three-liquid system aa 


shown, compute h; and h2. ater 
E mercury i 
Do ho 


Neglect the air density. 





= 27cm 
Fig. P2.14 DES 
hs 8 cm 


Solution: The pressures at hı 5cm 


























the three top surfaces must all be 


atmospheric, or zero gage pressure. Compute yii = (0.78)(9790) = 7636 N/m?°. Also, 
from Table 2.1, Ywater = 9790 N/m? and Ymercury = 133100 N/m? . The surface pressure 
equality is 


(9790 (0.27 m) + 13310) h= (133100 )(0.08m) = (7636 “yh, + (133100 )(0.05m) 
m m m m m 


or: 2643 + 1331004 = 10648 Pa = 7836m + 6655 
Solve for h, = 0.060m= 6.0 cm, wm = 0.523m = 52.3cm Ans. 





2.15 In Fig. P2.15 all fluids are at 20°C. Gage A reads 15 lbf/in? absolute and gage B 
reads 1.25 Ibf/in? less than gage C. Com-pute (a) the specific weight of the oil; and (b) 
the actual reading of gage C in lbf/in“ absolute. 





Fig. P2.15 
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Solution: First evaluate yair = (pA/RT)g = [15 x 144/(1717 x 528)](32.2) =~ 0.0767 
Ibf/ft?. Take ywater = 62.4 lbf/ft?. Then apply the hydrostatic formula from point B to 
point C: 


Pg + Yoi (1.0 ft) + (62.4)(2.0 ft) = po = pp + (1.25)(144) psf 
Solve for ya ~ 55.2 Ibf/ft? Ans. (a) 
With the oil weight known, we can now apply hydrostatics from point A to point C: 
Pc =Pa + DY pgh = (15)(144) + (0.0767)(2.0) + (55.2)(2.0) + (62.4)(2.0) 
or: Pc = 2395 Ibf/ft? = 16.6 psi Ans. (b) 





P2.16 If the absolute pressure at the interface 
between water and mercury in Fig. P2.16 is 93 kPa, 
what, in Ibf/ft’, is (a) the pressure at the 


surface, and (b) the pressure at the bottom 
Fig. P2.10 


Solution: Do the whole problem in SI units and then convert to BG at the end. The bottom 
width and the slanted 75-degree walls are irrelevant red herrings. Just go up and down: 


of the container? 





<————. 32cm ————_» 


Ah = 93000Pa — (9790 N /m?)(0.28m) = 


P surface z Pinterface — Ywater 


= 90260 Pa +47.88 = 1885 Ibf/ ft? Ansa) 
Ah = 93000Pa + (133100 N/m? )(0.08m) = 


Pbottom 7 Pinterface + Ymercury 


= 103650Pa +47.88 = 2165 1bf/ ft”  Ans.(b) 
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2.17 All fluids in Fig. P2.17 are at 20°C. If p = 1900 psf at point A, determine the 
pressures at B, C, and D in psf. 


Solution: Using a specific weight of 62.4 Ibf/ft? for water, we first compute pB and 
pD: 





Fig. P2.17 
Pp =Pa —Y water (Zp —Za) = 1900—62.4(1.0 ft) = 1838 Ibf/ft? Ans. (pt. B) 

Pp =Pa + water (Za —Zp) = 1900 + 62.4(5.0 ft) = 2212 Ibf/ft? Ans. (pt. D) 
Finally, moving up from D to C, we can neglect the air specific weight to good accuracy: 
Pc = Pp —Y water (Zo — Zp) = 2212 — 62.4(2.0 ft) = 2087 Ibf/ft? Ans. (pt. C) 

The air near C has y= 0.074 Ibf/ft? times 6 ft yields less than 0.5 psf correction at C. 





2.18 All fluids in Fig. P2.18 are at 20°C. 
If atmospheric pressure = 101.33 kPa and 
the bottom pressure is 242 kPa absolute, 
what is the specific gravity of fluid X? 





Solution: Simply apply the hydrostatic 
formula from top to bottom: 


Fig. P2.18 


Pbottom = Prop + È yh, 
or: 242000 = 101330 + (8720)(1.0) + (9790)(2.0) + 7, (3.0) + 133100)(0.5) 


Solve for vy =15273 N/m*, or: SG, = 15273/9790 =1.56 Ans. 
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2.19 The U-tube at right has a 1-cm ID 

and contains mercury as shown. If 20 cm 

of water is poured into the right-hand leg, 

what will be the free surface height in each 10 cm 
leg after the sloshing has died down? 





Solution: First figure the height of water 
added: 


20 cm? = Jí cm)h, or h= 25.46 cm 
Then, at equilibrium, the new system must have 25.46 cm of water on the right, and a 


30-cm length of mercury is somewhat displaced so that “L” is on the right, 0.1 m on the 
bottom, and “0.2 — L” on the left side, as shown at right. The bottom pressure is constant: 


Pam +133100(0.2— L) = Pam +9790(0.2546)+133100(L), or: L = 0.0906 m 


Thus right-leg-height = 9.06 + 25.46 = 34.52 cm Ans. 
left-leg-height = 20.0 — 9.06 = 10.94 cm Ans. 





2.20 The hydraulic jack in Fig. P2.20 is 
filled with oil at 56 Ibf/ft>. Neglecting 
piston weights, what force F on the 
handle is required to support the 2000-lbf 
weight shown? 





Oil Ee 
Fig. P2.20 
Solution: First sum moments clockwise about the hinge A of the handle: 


=M, =0=F(15+1)-P(), 
or: F=P/16, where P is the force in the small (1 in) piston. 
Meanwhile figure the pressure in the oil from the weight on the large piston: 


W 2000 1bf 
Azin  (0/4)(3/12 ft)” 





Poit = 40744 psf, 
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Hence P= pA 


small 


2 
-aona ZL) =222 lbf 
4\12 


Therefore the handle force required is F = P/16 = 222/16 ~ 14 lbf Ans. 








2.21 In Fig. P2.21 all fluids are at 20°C. 
Gage A reads 350 kPa absolute. Determine 
(a) the height h in cm; and (b) the reading 
of gage B in kPa absolute. 


Air, 180 kPa abs 


Solution: Apply the hydrostatic formula 
from the air to gage A: A Nina 


Pa =Par +È yh Fig. P2.21 
= 180000 + (9790)h + 133100(0.8) = 350000 Pa, 
Solve for h%=6.49m Ans. (a) 


Then, with A known, we can evaluate the pressure at gage B: 


Pp = 180000 + 9790(6.49 + 0.80) = 251000 Pa 251kPa Ans. (b) 





2.22 The fuel gage for an auto gas tank 
reads proportional to the bottom gage 
pressure as in Fig. P2.22. If the tank 
accidentally contains 2 cm of water plus 
gasoline, how many centimeters “h” of air 
remain when the gage reads “full” in error? 





Fig. P2.22 
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Solution: Given ygasoline = 0.68(9790) = 6657 N/m’, compute the gage pressure when “full”: 
Pru = Y gasoline (fUll height) = (6657 N/m?)(0.30 m) = 1997 Pa 
Set this pressure equal to 2 cm of water plus “Y” centimeters of gasoline: 
Pron = 1997 = 9790(0.02 m)+6657Y, or Y ~0.2706 m=27.06 cm 


Therefore the air gap h = 30 cm — 2 cm(water) — 27.06 cm(gasoline) 0.94 cm Ans. 





2.23 In Fig. P2.23 both fluids are at 20°C. 
If surface tension effects are negligible, 
what is the density of the oil, in kg/m>? 


Solution: Move around the U-tube from 
left atmosphere to right atmosphere: 


Pa + (9790 N/m?)(0.06 m) 
-= Yoi (0.08 m) = p,, 
solve for Vo * 7343 N/m’, 
OF: Py, = 7343/9.81 = 748 kg/m? Ans. 








2.24 In Prob. 1.2 we made a crude integration of atmospheric density from Table A.6 
and found that the atmospheric mass is approximately m ~ 6E18 kg. Can this result be 
used to estimate sea-level pressure? Can sea-level pressure be used to estimate m? 


Solution: Yes, atmospheric pressure is essentially a result of the weight of the air 
above. Therefore the air weight divided by the surface area of the earth equals sea-level 
pressure: 


Dogg = War = Mav®_. (6.0E18 kg)(9.81 m/s*) 
sewtevel ““Aeatn 47R2,, 42(6.377E6 my 


This is a little off, thus our mass estimate must have been a little off. If global average 
sea-level pressure is actually 101350 Pa, then the mass of atmospheric air must be more 
nearly 





~115000 Pa Ans. 


2 
m,, = AewhPscatset_ 476.3776 m) 001350 Pa) 5.28E18ke Ans 
g 9.81 m/s 
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*P2.25 As measured by NASA’s Viking landers, the atmosphere of Mars, where g = 
3.71 m/s’, is almost entirely carbon dioxide, and the surface pressure averages 700 Pa. The 
temperature is cold and drops off exponentially: T ~ T, e ©’, where C ~ 1.3E-5 m' and 
T. ~ 250 K. For example, at 20,000 m altitude, T ~ 193 K. (a) Find an analytic formula 
for the variation of pressure with altitude. (b) Find the altitude where pressure on Mars has 
dropped to 1 pascal. 


Solution: (a) The analytic formula is found by integrating Eq. (2.17) of the text: 


zdz dz 
rs) = zf x ei =< = & (e& 1) 
ROT R oT e £ RT,C 


Po 


or, finally, p= p, expl -zie -1)] Ans.(a) 


o 


(b) From Table A.4 for CO2, R = 189 m’/(s’-K). Substitute p = 1 Pa to find the altitude: 





& Cc 3.71m/ s? (1.3E-5)z 
=]Pa = 1)] = (700P Ph ee EY —1 
p a = p, expl RT,C (e 1 =¢ a) expl M80503 5) {e H 


or: in) = -6.55 = —6.04fe43E) 1) Solve for z= 56,500 m — Ans.(b) 





P2.26 For gases over large changes in height, the linear approximation, Eq. (2.14), is 
inaccurate. Expand the troposphere power-law, Eq. (2.20), into a power series and show 
that the linear approximation p * Pa - pa gz is adequate when 


2T 
OZ << 2 , where n = £ 


(n-1)B RB 


Solution: The power-law term in Eq. (2.20) can be expanded into a series: 





BE i ag p POTD BE a where n= 
T, T, 2 T RB 


oO oO oO 


a 
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Multiply by pa, as in Eq. (2.20), and note that panB/To = (Pa/RTo)g8z = Pa gz. Then the 
series may be rewritten as follows: 
n-1 Bz 
P = Pa- parlo ee EA ) 


o 


For the linear law to be accurate, the 2"? term in parentheses must be much less than unity. If 
the starting point is not at z = 0, then replace z by &: 
n-1Bôz 2T, 
—— < 


<l, or: Oz << 2 
2 T, (n-1)B 





Ans. 








2.27 This is an experimental problem: Put a card or thick sheet over a glass of water, 
hold it tight, and turn it over without leaking (a glossy postcard works best). Let go of the 
card. Will the card stay attached when the glass is upside down? Yes: This is essentially a 
water barometer and, in principle, could hold a column of water up to 10 ft high! 





P2.28 A correlation of numerical results indicates that, all other things being equal, 
the horizontal distance traveled by a well-hit baseball varies inversely as the cube root of 
the air density. If a home-run ball hit in New York City travels 400 ft, estimate the 
distance it would travel in (a) Denver, Colorado; and (b) La Paz, Bolivia. 


Solution: New York City is approximately at sea level, so use the Standard Atmosphere, 
Table A.6, and take Pair = 1.2255 kg/m?. Modify Eq. (2.20) for density instead of pressure: 


Pa T, 288.16 
Using nominal altitudes from almanacs, apply this formula to Denver and La Paz: 





P a — BZy(e/RBA Bie 0.00657 4.26 


(a) Denver,Colorado: z ~ 5280 ft = 1609m; p 


(b) La Paz, Bolivia: z ~ 12000 ft = 3660m ; p 
Finally apply this to the 400-ft home-run ball: 


1.047 kg/m? 
0.849 kg/m? 


u 


u 
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(a) Denver: Distance traveled = (400 jt) = yi" = 421ft  Ans.(a) 
(b) La Paz: Distance traveled = (400 pps 3 ~ 452ft Ans. (b) 


In Denver, balls go 5% further, as attested to by many teams visiting Coors Field. 





P2.29 An airplane flies at a Mach number of 0.82 at a standard altitude of 24,000 ft. 
(a) What is the plane’s velocity, in mi/h? (b) What is the standard density at that 
altitude? 


Solution: (a) Convert 24,000 ft to 7315 m. Find the standard temperature from Eq. 
(2.19): 


T = T, —Bz = 288.16K —(0.0065m)(7315m) = 240.6 K 


From the (absolute) temperature, we compute the speed of sound and hence the velocity: 


a = VKRT = J1.4(287 m2 / 5? —K)(240.6K) = 311 m/s 


V = (Maja = (0.82)(311m/s) = 255m/s +0.44704 = 570 mi/h  Ans.(a) 
(b) Given p, = 1.2255 kg/m’, the power-law density formula is evaluated at T = 240.6 K: 


EA 
T 240.6 \5.26-1 3 

= RB 1.2255 = 0.568 kg / Ans.(b 

P Po) = ( Mas 16 Te gim ns.(b) 


o 





P2.30 For the traditional equal-level manometer measurement in Fig. E2.3, water at 
20°C flows through the plug device from a to b. The manometer fluid is mercury. If L = 
12 cm and h = 24 cm, (a) what is the pressure drop through the device? (b) If the water 
flows through the pipe at a velocity V = 18 ft/s, what is the dimensionless loss coefficient 
of the device, defined by K = Ap/(p V’)? We will study loss coefficients in Chap. 6. 
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Solution: Gather density data: Pmercury = 13550 kg/m’, Pwater = 998 kg/m’. Example 2.3, 
by going down from (a) to the mercury level, jumping across, and going up to (b), found 
the very important formula for this type of equal-leg manometer: 


AD = Pa —Pp = (Pere ~Pwater) &h = 13550—998 kg /m?)(9.81 m/s? )(0.24m) 
or: Ap = 29,600 Pa Ans.(a) 


(b) The loss coefficient calculation is straightforward, but we check the units to make sure. 
Convert the velocity from 18 ft/s to 5.49 m/s. Then 


2 2 
Ap 29600 N/m _ 29600 Nim” _ 998 Ans.(b) 


K = 27 2 2 2 
pV (998 kg/m )(5.49m/s) 30080 N/m 





2.31 In Fig. P2.31 determine Ap between points A and B. All fluids are at 20°C. 


‘Kerosene 








Air 
OQ 
7 9 cm 

lercury fey 
_ 

= 14 cm 

Water 
Fig. P2.31 


Solution: Take the specific weights to be 
Benzene: 8640 N/m? Mercury: 133100 N/m? 
Kerosene: 7885 N/m? Water: 9790 N/m? 
and yair will be small, probably around 12 N/m?. Work your way around from A to B: 


Pa +(8640)(0.20 m) —(133100)(0.08) —(7885)(0.32) + (9790)(0.26) — (12)(0.09) 
=Ppp,. Or, after cleaning up, p, —pp ~8900Pa_ Ans. 
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2.32 For the manometer of Fig. P2.32, all fluids are at 20°C. If pB — pA = 97 kPa, 
determine the height H in centimeters. 


Solution: Gamma = 9790 N/m for water and 133100 N/m? for mercury and 
(0.827)(9790) = 8096 N/m? for Meriam red oil. Work your way around from point A to 


point B: 
P, —(9790 N/m?*)(H meters) — 8096(0.18) + 


+133100(0.18 + H+ 0.35) = pg =p, +97000. 
Solve for H#0.226m=22.6cm Ans. 


Meriam red oil, SG = 0.827 








2.33 In Fig. P2.33 the pressure at point A is 25 psi. All fluids are at 20°C. What is the 
air pressure in the closed chamber B? 
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Solution: Take y= 9790 N/m? for water, 8720 N/m? for SAE 30 oil, and (1.45)(9790) = 
14196 N/m? for the third fluid. Convert the pressure at A from 25 Ibf/in~ to 172400 Pa. 
Compute hydrostatically from point A to point B: 


SAE 30 oil 





Fig. P2.33 


Pa + È yh =172400 - (9790 N/m°)(0.04 m) + (8720)(0.06) — (14196)(0.10) 
= pg =171100 Pa +47.88 +144 = 24.8 psi Ans. 
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2.34 To show the effect of manometer 
dimensions, consider Fig. P2.34. The 
containers (a) and (b) are cylindrical and 
are such that pa = pb as shown. Suppose 
the oil-water interface on the right moves 
up a distance Ah < h. Derive a formula for 
the difference pa — pb when (a) d<<D; 
and (b) d=0.15D. What is the % difference? 





Fig. P2.34 


Solution: Take y= 9790 N/m? for water and 8720 N/m? for SAE 30 oil. Let “H” be the 
height of the oil in reservoir (b). For the condition shown, pa = pb, therefore 


Y water (L + hy) = Yoi (H +h), or: H= (Y water! Yo CL + b) — h a) 


Case (a), d<<D: When the meniscus rises Ah, there will be no significant change in 
reservoir levels. Therefore we can write a simple hydrostatic relation from (a) to (b): 





Pa H Y water L t h Ah) Yoi H H h Ah) = p,, 
or: Py — Pp = AR(7 water ie Voit) Ans. (a) 


where we have used Eq. (1) above to eliminate H and L. Putting in numbers to compare 
later with part (b), we have Ap = Ah(9790 — 8720) = 1070 Ah, with Ah in meters. 


Case (b), d = 0.15D. Here we must account for reservoir volume changes. For a rise 
Ah < h, a volume (7/4)d2Ah of water leaves reservoir (a), decreasing “L” by 
Ah(d/D)2, and an identical volume of oil enters reservoir (b), increasing “H” by the 
same amount Ah(d/D)?. The hydrostatic relation between (a) and (b) becomes, for 
this case, 


Pa + YwaterLL — Ah(d/D)’ + h — Ah] — y, [H + Ah(d/D)? +h — Ah] = p,, 
OF: Py — Py = ABLY \ater(1 + d?/D’) — 7,(1-d?/D?)] Ans. (b) 


where again we have used Eq. (1) to eliminate H and L. If d is not small, this is a 
considerable difference, with surprisingly large error. For the case d = 0.15 D, with water 
and oil, we obtain Ap = Ah[1.0225(9790) — 0.9775(8720)] = 1486 Ah or 39% more 
than (a). 
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2.35 Water flows upward in a pipe 
slanted at 30°, as in Fig. P2.35. The 
mercury manometer reads h = 12 cm. What 
is the pressure difference between points 
(1) and (2) in the pipe? 


Solution: The vertical distance between 
points 1 and 2 equals (2.0 m)tan 30° or 
1.155 m. Go around the U-tube hydro- 
statically from point 1 to point 2: 
pı +9790h -1331004 
—9790(1.155 m) = p}, 


or: p; — pz = (133100 — 9790)(0.12) + 11300 = 26100 Pa = Ans. 





Eye 


Fig. P2.35 





2.36 In Fig. P2.36 both the tank and the slanted tube are open to the atmosphere. If L = 
2.13 m, what is the angle of tilt ¢ of the tube? 





Solution: Proceed hydrostatically from the oil surface to the slanted tube surface: 
Pa + 9.8(9790)(0.5) + 9790(0.5) — 9790(2.13 sin Ø) = p}, 
8811 


or: sin = 20853 = 0.4225, solve p25° Ans. 





2.37 The inclined manometer in Fig. P2.37 
contains Meriam red oil, SG = 0.827. 
Assume the reservoir is very large. If the 
inclined arm has graduations 1 inch apart, 
what should @ be if each graduation repre- 
sents | psf of the pressure pA? 





Reservoir 


Fig. P2.37 
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Solution: The specific weight of the oil is (0.827)(62.4) = 51.6 Ibf/ft?. If the reservoir 
level does not change and AL = 1 inch is the scale marking, then 
lbf lbf \/ 1 
age) =1— = 7 Az = oi AL sina= (51.6 mt) (4 i} sin 0, 
Pa (gage) m Zo Voil €) 
or: sinĝ=0.2325 or: @=13.45° Ans. 





P2.38 If the pressure in container A 














Fig. P2.38 B }--- 
is 150 kPa, compute the pressure in 
container B. NNK Water 18 cm 
i fic wei oil, H ----- 
Solution: The specific weights are eos 
16cm 
Yoit = (0.8)(9790) = 7832 N/m’, 
22 cm 


Ymercury = 133,100 N/m’, and 





Yorater = 9790 Nim’. 


Go down 16 cm from A to the mercury interface, jump across and go up 14 cm (22 cm - 
8 cm) to the right-side mercury interface, and then up 18 cm of water to point B. Of 
course, you could also go straight down to the bottom of the tube and then across and up. 
Calculate 


Pa +(7832 N /m?)(0.16m) — (133100)(0.14) — (9790)(0.18) = pg 
Given p, = 150,000Pa, solve for pg = 130,900 Pa ~ 131 kPa Ans. 





2.39 In Fig. P2.39 the right leg of the manometer is open to the atmosphere. Find the 
gage pressure, in Pa, in the air gap in the tank. Neglect surface tension. 


Solution: The two 8-cm legs of air are negligible (only 2 Pa). Begin at the right 
mercury interface and go to the air gap: 


0 Pa-gage + (133100 N/m*)(0.12 +0.09 m) 
—(0.8 x 9790 N/m?)(0.09 — 0.12 —0.08 m) 


T Pairgap 


OF: Pairgap = 27951 Pa—2271 Pa = 25700 Pa-gage Ans. 








2.40 In Fig. P2.40 the pressures at A and B are the same, 100 kPa. If water is 
introduced at A to increase pA to 130 kPa, find and sketch the new positions of the 
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mercury menisci. The connecting tube is a uniform 1-cm in diameter. Assume no change 
in the liquid densities. 





Fig. P2.40 


Solution: Since the tube diameter is constant, the volume of mercury will displace a 
distance Ah down the left side, equal to the volume increase on the right side; Ah = AL. Apply 
the hydrostatic relation to the pressure change, beginning at the right (air/mercury) interface: 
Ppt /yg(AL sin 0+ Ah)—7y(Ah+ALsin@)=p, with Ah = AL 
or: 100,000 + 133100(Ah)(1 + sin 15°) — 9790(Ah)(1+ sin 15°) = p, = 130,000 Pa 
Solve for Ah = (30,000 Pa)/[(133100 — 9790 N/m? )(1 +sin15°)]=0.193m Ans. 


The mercury in the left (vertical) leg will drop 19.3 cm, the mercury in the right (slanted) 
leg will rise 19.3 cm along the slant and 5 cm in vertical elevation. 





2.41 The system in Fig. P2.41 is at 20°C. Rn 
Determine the pressure at point A in 
pounds per square foot. 






pa= 14-7 Ibf/in? 


Solution: Take the specific weights of 
water and mercury from Table 2.1. Write 
the hydrostatic formula from point A to the 


water surface: Mercury 
Fig. P2.41 


aeol e = 
Pa +(0.85)(62.4 Ibf/ft {£ ftJ -840| 75) +62 77) = Pam = 04.144) -3 





Solve for p, =2770Ibf/ft? Ans. 





2.42 Small pressure differences can be measured by the two-fluid manometer in Fig. 
P2.42, where p2 is only slightly larger than 1. Derive a formula for pA — pB if the 
reservoirs are very large. 


Solution: Apply the hydrostatic formula from A to B: 





Fig. P2.42 


Pa + gh, — gh — p,g(hy —h) = pp 
Solve for py—Pgp=(Q—A)gh Ans. 


If (92 — 1) is very small, h will be very large for a given Ap (a sensitive manometer). 





2.43 The traditional method of measuring blood pressure uses a sphygmomanometer, 
first recording the highest (systolic) and then the lowest (diastolic) pressure from which 
flowing “Korotkoff’ sounds can be heard; Patients with dangerous hypertension can 
exhibit systolic pressures as high as 5 Ibf/in. Normal levels, however, are 2.7 and 1.7 lbf/in?, 
respectively, for systolic and diastolic pressures. The manometer uses mercury and air as 
fluids. (a) How high should the manometer tube be? (b) Express normal systolic and 
diastolic blood pressure in millimeters of mercury. 


Solution: (a) The manometer height must be at least large enough to pecommogaie the 
largest systolic pressure expected. Thus apply the hydrostatic relation using 5 lbf/in? as 
the pressure, 
h = pp/pg = (5 lbf/in”)(6895 Pa/lbf/in?)/(133100 N/m?) = 0.26 m 
So make the height about 30cm. Ans. (a) 


(b) Convert the systolic and diastolic pressures by dividing them by mercury’s specific 
weight. 


h 
h 


= (2.7 Ibf/in?)(144 in? /ft? (846 Ibf/ft*) = 0.46 ft Hg = 140 mm Hg 
= (1.7 Ibf/in? (144 in’ ft” (846 Ibf/ft*) = 0.289 ft Hg = 88 mm Hg 


systolic 


diastolic 
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The systolic/diastolic pressures are thus 140/88 mm Hg. Ans. (b) 





2.44 Water flows downward in a pipe at 45°, as shown in Fig. P2.44. The mercury 
manometer reads a 6-in height. The pressure drop p2 — p1 is partly due to friction and 
partly due to gravity. Determine the total pressure drop and also the part due to friction 
only. Which part does the manometer read? Why? 





Solution: Let “h” be the distance down from point 2 to the mercury-water interface in 
the right leg. Write the hydrostatic formula from 1 to 2: 


p, + 62.4 (s sin 45°+h + £) —846 (=) —62.4h=p,, 


12 12 
P, —P2 = (846 — 62.4)(6/12) — 62.4(5 sin 45°) =392 — 221 
.... friction loss... gravity head.. 
=171 m Ans. 
ft 


The manometer reads only the friction loss of 392 lbf/ft?, not the gravity head of 
221 psf. 





2.45 Determine the gage pressure at point A in Fig. P2.45, in pascals. Is it higher or lower 


than Patmosphere? 


Solution: Take y = 9790 N/m? for water and 133100 N/m? for mercury. Write the 
hydrostatic formula between the atmosphere and point A: 


Patm 


+(0.85)(9790)(0.4 m) 
—(133100)(0.15 m) —(12)(0.30 m) 
+(9790)(0.45 m) = pa, 








Water Mercury 


Fig. P2.45 
OF Pa =Patm — 12200 Pa=12200 Pa(vacuum) Ans. 
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2.46 In Fig. P2.46 both ends of the 
manometer are open to the atmosphere. 
Estimate the specific gravity of fluid X. 


Solution: The pressure at the bottom of the 
manometer must be the same regardless of 
which leg we approach through, left or right: 


Patm + (8720)(0. 1) + (9790)(0.07) 
+7x (0.04) (left leg) 














Fig. P2.46 
= Patm + (8720)(0.09) + (9790)(0.05) + 7x (0.06) (right leg) 
or: yx =14150 N/m*, SG, = LAY 2 as Ans. 
9790 
2.47 The cylindrical tank in Fig. P2.47 H—so cm ——| 


is being filled with 20°C water by a pump 
developing an exit pressure of 175 kPa. 
At the instant shown, the air pressure is 
110 kPa and H = 35 cm. The pump stops 
when it can no longer raise the water 
pressure. Estimate “H” at that time. ads 


75 cm 





Fig. P2.47 


Solution: At the end of pumping, the bottom water pressure must be 175 kPa: 
Pair + 9790H = 175000 
Meanwhile, assuming isothermal air compression, the final air pressure is such that 


Pair WOlgg — 2R°(0.75m) 0.75 
110000 Volew zR°(1.1m-H) 1.1-H 





where R is the tank radius. Combining these two gives a quadratic equation for H: 


0.75(1 10000) 


LIH +9790H =175000, or H?-18.98H+11.24=0 


The two roots are H = 18.37 m (ridiculous) or, properly, H = 0.612 m Ans. 
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P2.48 The system in Fig. P2.49 


is open to 1 atm on the right side. 
(a) If L = 120 cm, what is the air 


pressure in container A? 








(b) Conversely, if pa = 135 kPa, 
what is the length L? Mercury Water 





Solution: (a) The vertical elevation of the water surface in the slanted tube is 
(1.2m)(sin55°) = 0.983 m. Then the pressure at the 18-cm level of the water, point D, is 


N 
Pp = Pam + Ywarer AZ = 101350 Pa + (9790—)(0.983-0.18m) = 109200 Pa 
m 


Going up from D to C in air is negligible, less than 2 Pa. Thus pc ~ pp = 109200 Pa. 
Going down from point C to the level of point B increases the pressure in mercury: 





N 
Pe = Pe + Y nerus AZcp = 109200+(133100—)(0.32 — 0.15m) = 131800 Pa Ans.(a) 
m 


This is the answer, since again it is negligible to go up to point A in low-density air. 
(b) Given pa = 135 kPa, go down from point A to point B with negligible air-pressure 
change, then jump across the mercury U-tube and go up to point C with a decrease: 


Pc = Pg — YmercuryAZg-c = 135000 — (133100)(0.32— 0.15) = 112400 Pa 


Once again, pc ~ pp = 112400 Pa, jump across the water and then go up to the surface: 


Pam = Pp — Ywater AZ = 112400 — 9790(2 „race 


surface © 1.306m 
Then the slanted distance L = 1.306m/sin55° = 1.594m_ Ans.(b) 


—0.18m) = 101350Pa 


Solve for Zz 
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2.49 Conduct an experiment: Place a thin wooden ruler on a table with a 40% overhang, 
as shown. Cover it with 2 full-size sheets of newspaper. (a) Estimate the total force on top 
of the newspaper due to air pressure. (b) With everyone out of the way, perform 

a karate chop on the outer end of the ruler. (c) Explain the results in b. 


Results: (a) Newsprint is about 27 in (0.686 m) by 22.5 in (0.572 m). Thus the force is: 


F = pA =(101325 Pa)(0.686 m)(0.572 m) 
=39700N! Ans. 





Fig. P2.48 


(b) The newspaper will hold the ruler, which will probably break due to the chop. Ans. 
(c) Chop is fast, air does not have time to rush in, partial vacuum under newspaper. Ans. 





P2.50 A small submarine, with a hatch door 30 inches in diameter, is submerged in 
seawater. (a) If the water hydrostatic force on the hatch is 69,000 lbf, how deep is the 
sub? (b) If the sub is 350 ft deep, what is the hydrostatic force on the hatch? 
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Solution: In either case, the force is pcGAnach. Stay with BG units. Convert 30 inches = 
2.5 ft. For seawater, p = 1025 kg/m? + 515.38 = 1.99 slug/ft, hence y = (1.99)(32.2) = 
64.0 Ibf/ft’. 


(a) F = Pog A= (yh) A = 69, 0001bf = on 425 f; h=220 ft Ans.(a) 
t 


Œ) F = Pp A=(yh)A = (64075950 ft) 725 fi = 110,000 /bf Ans.(b) 
ft 





2.51 Gate AB in Fig. P2.51 is 1.2 m long 
and 0.8 m into the paper. Neglecting 
atmospheric-pressure effects, compute the 
force F on the gate and its center of 
pressure position X. 


Solution: The centroidal depth of the 
gate is 





Fig. P2.51 
hog = 4.0 + (1.0 + 0.6) sin 40° = 5.028 m, 
hence Fyx = 7g hcgAgate = (0.82 x 9790)(5.028)(1.2 x 0.8) = 38750N Ans. 


The line of action of F is slightly below the centroid by the amount 


I,,sin@_ (1/12)(0.8)(1.2)°sin 40° 
hogA (5.028)(1.2 x 0.8) 


Thus the position of the center of pressure is at X = 0.6 + 0.0153 0.615 m_ Ans. 





Yor = 0.0153 m 
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P2.52 Example 2.5 calculated the force on 2 
plate AB and its line of action, using the f x A 


moment-of-inertia approach. Some teachers 


say it is more instructive to calculate these 





by direct integration of the pressure forces. be 
t 


Using Figs. P2.52 and E2.5a, (a) find an expression 


Fig. P2.52 
for the pressure variation p(¢) along the plate; 


(b) integrate this pressure to find the total force F; 
(c) integrate the moments about point A to find the position of the center of pressure. 


Solution: (a) Point A is 9 ft deep, and point B is 15 ft deep, and y= 64 lbf/ft. Thus pa 
= (64Ibf/fÊ)(9ft) = 576 Ibf/ft? and pz = (64lbf/ft*)(15ft) = 960 Ibf/ft. Along the 10-ft 
length, pressure increases by (960-576)/10ft = 38.4 lbf/ft’/ft. Thus the pressure is 


p(o) = 576+384¢  (lbf/ ft”) Ans.(a) 
(b) Given that the plate width b = 5 ft. Integrate for the total force on the plate: 


10 
F= fpa = | pbag = [676 +38.42)(5 fr\dg = 
plate 0 


= (5)(576¢ + 38.467 /2) |i? = 28800+9600 = 38,400 Ibf Ans.(b) 


(c) Find the moment of the pressure forces about point A and divide by the force: 


The center of pressure is 5.417 ft down the plate from Point A. 


10 
My= [pobdA = [6(576+38.46)(5 fd = 
plate 0 
= (5)(57667 /2+38.4¢7 /3) [0 = 144000 + 64000 = 208,000/t — lbf 
_ Ma _ 208000 ft - lof 


Then = — = ——_—__ = 5.42 ft Ans.(c 
Sor = 38400 bf 
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2.53 Panel ABC in the slanted side of a 
water tank (shown at right) is an isoceles 
triangle with vertex at A and base BC = 2 m. 
Find the water force on the panel and its 
line of action. 

4m 
Solution: (a) The centroid of ABC is 2/3 
of the depth down, or 8/3 m from the 
surface. The panel area is (1/2)(2 m)(5 m) = 
5 m2. The water force is 





Fage = Neg pane: = (9790)(2.67 m)(5 m”)=131,000N Ans. (a) 
(b) The moment of inertia of ABC is (1/36)(2 m)(5 m)? = 6.94 mÍ. From Eq. (2.44), 
Yop =—I,x sin 8/(hes Apane) = —6-94 sin (53°)/[2.67(5)] = —0.417m Ans. (b) 


The centroid is 5(2/3) = 3.33 m down from A along the panel. The center of pressure is 
thus (3.33+0.417) = 3.75 m down from A, or 1.25 m up from BC. 





2.54 In Fig. P2.54, the hydrostatic force F is the same on the bottom of all three 
containers, even though the weights of liquid above are quite different. The three bottom 
shapes and the fluids are the same. This is called the hydrostatic paradox. Explain why it 
is true and sketch a freebody of each of the liquid columns. 
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Solution: The three freebodies are shown below. Pressure on the side-walls balances 
the forces. In (a), downward side-pressure components help add to a light W. In (b) side 
pressures are horizontal. In (c) upward side pressure helps reduce a heavy W. 





F= 
(a) (b) (c) 
2.55 Gate AB in Fig. P2.55 is 5 ft wide i 


into the paper, hinged at A, and restrained 
by a stop at B. Compute (a) the force on 
stop B; and (b) the reactions at A if h = 9.5 ft. 


Solution: The centroid of AB is 2.0 ft 
below A, hence the centroidal depth is 
h =+ 2 — 4 = 7.5 ft. Then the total hydrostatic 7 
force on the gate is Fig. P2.55 





F= vhogA gate = (62.4 Ibf/ft?)(7.5 ft)(20 ft”) = 9360 Ibf 


gate 
The C.P. is below the centroid by the amount 
I,,sin@ — (1/12)(5)(4)" sin 90° 


hogA (7.5)(20) 
=-0.178 ft 





Yor = 


This is shown on the freebody of the gate 
at right. We find force Bx with moments 
about A: 


=M, =B, (4.0) —(9360)(2.178) = 0, 
or: B, =5100Ibf (toleft) Ans. (a) 





The reaction forces at A then follow from equilibrium of forces (with zero gate weight): 
DF, =0=9360-5100-A,, or: A, =4260Ibf (to left) 
DE, =0=A,+ Woe A,» or: A, =Olbf Ans. (b) 


gate 
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2.56 For the gate of Prob. 2.55 above, stop “B” breaks if the force on it equals 9200 Ibf. 
For what water depth h is this condition reached? 


Solution: The formulas must be written in terms of the unknown centroidal depth hcc: 
hog =h-2 F=yhogA = (62.4)heg (20) = 1248heg 
Ixy sind (1/12)(5)(4)*sin90° 1.333 
hcg hcg (20) hco 
Then moments about A for the freebody in Prob. 2.155 above will yield the answer: 


1388) or hog = 14.08 ft, h=16.08 ft Ans. 





Yor = 





=M, =0=9200(4)- (248he6)(2 i 
CG 





2.57 The tank in Fig. P2.57 is 2 m wide 
into the paper. Neglecting atmospheric 
pressure, find the resultant hydrostatic 
force on panel BC, (a) from a single 
formula; (b) by computing horizontal and 
vertical forces separately, in the spirit of 
curved surfaces. 





Fig. P2.57 


Solution: (a) The resultant force F, may be found by simply applying the hydrostatic 
relation 


F = yhogA = (9790 Nim*)(3 +1.5 m)(5 mx2 m) = 440,550 N=441 kN Ans. (a) 


(b) The horizontal force acts as though BC were vertical, thus hCG is halfway down from 
C and acts on the projected area of BC. 


Fy = (9790)(4.5)(3 x 2) = 264,330 N= 264kN_ Ans. (b) 
The vertical force is equal to the weight of fluid above BC, 
F, =(9790)[(3)(4) + (1/2)(4)(3)](2) = 352,440 = 352 KN Ans. (b) 


The resultant is the same as part (a): F = [(264)2 + 852412 =441 kN. 





2.58 In Fig. P2.58, weightless cover gate AB closes a circular opening 80 cm in diameter 
when weighed down by the 200-kg mass shown. What water level h will dislodge the gate? 


Solution: The centroidal depth is exactly 





Fig. P2.58 
equal to h and force F will be upward on the gate. Dislodging occurs when F equals the 
weight: 


F = yhogA cae = (9790 N/m?) h4 0.8 m)? = W = (200)(9.81) N 


gate 


Solve for h=0.40m Ans. 





2.59 Gate AB has length L, width b into 
the paper, is hinged at B, and has negligible 
weight. The liquid level h remains at the 
top of the gate for any angle @ Find an 
analytic expression for the force P, per- 
pendicular to AB, required to keep the gate 
in equilibrium. 


Solution: The centroid of the gate remains 
at distance L/2 from A and depth h/2 below 





the surface. For any @, then, the hydrostatic force is F = 7(h/2)Lb. The moment of inertia 
of the gate is (1/ 12)bL3, hence yCP = —(1/ 12)bL?sin@ [(h/2)Lb], and the center of 
pressure is (L/2 — yCP) from point B. Summing moments about hinge B yields 


PL =F(L/2-ycp), on P= (yhb/4)[L-L?sin 6/3h)] Ans. 
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P2.60 Determine the water hydrostatic — 
Fig. P2.60 — 





force on one side of the vertical equilateral 20 cm 
triangle panel BCD in Fig.. P2.60. Neglect a i 
atmospheric pressure. 379 
Solution: Pythagoras says that the lengths of DC, 
BC, and BD are all 50 cm. The centroid of the panel 53° = 

D | 30 cm 


would lie along the bisector BF, whose length is 50 sin60° = 43.3 cm. 


The CG would be 1/3 of the way from F to B, or 14.4 cm away from F. The CG would 
be 14.4sin37° = 8.66 cm vertically above F, and F is 20 cm above the bottom. Thus the 
CG is 60 cm — 20 cm — 8.66 cm = 31.34 cm below the surface of the water. The 
hydrostatic force is 


Aniangle = (1/2)(50cm)(43.3em) = 1082cm* = 0.1082m* 


Peg = Ywater heg = (9790 N/m>)(0.3134m) = 3068 Pa 
Finally, Fyanet = Peg A = (3068 Pa)(0.1082m*) = 332 N Ans. 


panel 





2.61 Gate AB in Fig. P2.61 is a homo-geneous mass of 180 kg, 1.2 m wide into the 
paper, resting on smooth bottom B. All fluids are at 20°C. For what water depth h will 
the force at point B be zero? 
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Solution: Let y= 12360 N/m? for glycerin and 9790 N/m? for water. The centroid of 
Z| Z 


Glycerin 


7 
j 
j 
j 
j 
/ 
j 
4 
j 
j 
y 
A 





Fig. P2.61 


AB is 0.433 m vertically below A, so hCG W = 1766N 
= 2.0 — 0.433 = 1.567 m, and we may 
compute the glycerin force and its line of 
action: 


F, = yhA = (12360)(1.567)(1.2) = 23242 N 


__ (1/12)(1.2)(1)°sin 60° 


= = —0.0461 
oe (1.567)(1.2) S 


These are shown on the freebody at right. 
The water force and its line of action are 
shown without numbers, because they 
depend upon the centroidal depth on the 
water side: 





F,, = (9790)hog (1.2) 


(1/12)(1.2)(1)° sin 60° _ 0.0722 
heg (1.2) hog 





The weight of the gate, W = 180(9.81) = 1766 N, acts at the centroid, as shown above. 
Since the force at B equals zero, we may sum moments counterclockwise about A to find 
the water depth: 


XM, =0=(23242)(0.5461) + (1766)(0.5 cos 60°) 
— (9790) heg (1.2)(0.5 + 0.0722/heg) 


Solve for beg water = 2-09 m, or: h=hcg +0.433=2.52m Ans. 





2.62 Gate AB in Fig. P2.62 is 15 ft long and 8 ft wide into the paper, hinged at B 
with a stop at A. The gate is 1-in-thick steel, SG = 7.85. Compute the 20°C water 
level h for which the gate will start to fall. 


Solution: Only the length (h csc 60°) of the gate lies below the water. Only this part 





Fig. P2.62 
contributes to the hydrostatic force shown in the freebody at right: 


F=yhgA = 62a (2) (8h csc 60°) 


= 288.2h? (Ibf) 


__ 1/12)(8)(h ese 602)*sin 60° 
e (h/2)(8h csc 60°) 


= Beeg 60° 
6 






10,000 Ibf 
Length AB = 15 ft 


The weight of the gate is (7.85)(62.4 Ibf/tt3)(15 ft)(1/12 ft)(8 ft) = 4898 lbf. This weight 
acts downward at the CG of the full gate as shown (not the CG of the submerged 
portion). Thus, W is 7.5 ft above point B and has moment arm (7.5 cos 60° ft) about B. 


We are now in a position to find h by summing moments about the hinge line B: 
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Mg = (10000)(15) — (288.2h7)[(h/2) esc 60° — (h/6) csc 60°] — 4898(7.5 cos 60°) = 0, 
or: 110.9h? = 150000-18369, h=(131631/110.9)'"* =10.6 ft Ans. 





2.63 The tank in Fig. P2.63 has a 4-cm- 
diameter plug which will pop out if the 
hydrostatic force on it reaches 25 N. For 
20°C fluids, what will be the reading h on 
the manometer when this happens? 









Solution: The water depth when the plug h 


i; `s Plug, 
pops out is t 


*@ 0 ~ 40m 


7(0.04)? Mercury 
F=25N=yhcgA= eee a Fig. P2.63 


or heg =2.032 m 


It makes little numerical difference, but the mercury-water interface is a little deeper than 
this, by the amount (0.02 sin 50°) of plug-depth, plus 2 cm of tube length. Thus 


Patm + (9790)(2.032 + 0.02 sin 50° + 0.02) — (133100)h = parm 
or: hæ0.152m Ans. 
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2.64 Gate ABC in Fig. P2.64 has a fixed 
hinge at B and is 2 m wide into the paper. 
If the water level is high enough, the gate 
will open. Compute the depth h for which 
this happens. 






A 20 cm 


Water at 20°C 
Solution: Let H = (h — 1 meter) be the 
depth down to the level AB. The forces on 
AB and BC are shown in the freebody at 
right. The moments of these forces about B 
are equal when the gate opens: 


My, = 0 = yH(0.2)b(0.1) 


“(Bow 


or: H=0.346 m, 
h=H+1=1.346m Ans. 


This solution is independent of both the water 
density and the gate width b into the paper. 








2.65 Gate AB in Fig. P2.65 is semi- 
circular, hinged at B, and held by a 
horizontal force P at point A. Determine 
the required force P for equilibrium. 






Solution: The centroid of a semi-circle 
is at 4R/3z ~ 1.273 m off the bottom, as 
shown in the sketch at right. Thus it is 
3.0 — 1.273 = 1.727 m down from the force P. 
The water force F is 
F=yvhcogA = (9790)(5.0+ 125) 
= 931000 N F- 
The line of action of F lies below the CG: 
I,,sin@ __ (0.10976)(3)* sin90° _ 
hec (5+1.727)(#/2)(3)° 
Then summing moments about B yields the proper support force P: 
Mg, =0 =(931000)(1.273 —0.0935)—3P, or: P=366000N Ans. 


Gate: 
Side view 


0.0935 m 





Yor = 
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2.66 Dam ABC in Fig. P2.66 is 30 m wide 
into the paper and is concrete (SG ~ 2.40). 
Find the hydrostatic force on surface AB 
and its moment about C. Could this force tip 
the dam over? Would fluid seepage under 
the dam change your argument? 


Solution: The centroid of surface AB is 
40 m deep, and the total force on AB is 


F = vhogA = (9790)(40)(100 x 30) 
=1.175E9 N 


The line of action of this force is two-thirds 
of the way down along AB, or 66.67 m 
from A. This is seen either by inspection 
(A is at the surface) or by the usual 
formula: 





Ix sin (1/12)X(30)(100)sin(53.13°) . 
hegA (40)(30 x 100) 
to be added to the 50-m distance from A to the centroid, or 50 + 16.67 = 66.67 m. As 


shown in the figure, the line of action of F is 2.67 m to the left of a line up from C normal 
to AB. The moment of F about C is thus 


Mg = FL = (1.175E9)(66.67 — 64.0) x 3.13E9 N-m Ans. 


16.67 m 





Yer 


This moment is counterclockwise, hence it cannot tip over the dam. If there were seepage 
under the dam, the main support force at the bottom of the dam would shift to the left of 
point C and might indeed cause the dam to tip over. 








2.67 Generalize Prob. 2.66 with length 
AB as “H”, length BC as “L”, and angle 
ABC as “@”’, with width “b” into the paper. 
If the dam material has specific gravity 
“SG”, with no seepage, find the critical 
angle @c for which the dam will just tip 
over to the right. Evaluate this expression 
for SG = 2.40. 


Solution: By geometry, L = Hcos@ and 
the vertical height of the dam is Hsin@ The 
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force F on surface AB is 7(H/2)(sin@)Hb, and its position is at 2H/3 down from point A, 
as shown in the figure. Its moment arm about C is thus (H/3 — Lcos@). Meanwhile the 
weight of the dam is W = (SG)v(L/2)H(sin0)b, with a moment arm L/3 as shown. Then 
summation of clockwise moments about C gives, for critical “tip-over” conditions, 


> (rž sno Hb) 2 -Leosa|- som $Hsin9 |) with L = H cos 8. 


Solve for cos?8, = ab Ans. 
3+SG 


Any angle greater than @c will cause tip-over to the right. For the particular case of 
concrete, SG = 2.40, cos@c ~ 0.430, or Oc = 64.5°, which is greater than the given angle 
0=53.13° in Prob. 2.66, hence there was no tipping in that problem. 










2.68 Isosceles triangle gate AB in 
Fig. P2.68 is hinged at A and weighs 1500 N. 
What horizontal force P is required at point oni 
B for equilibrium? 


Solution: The gate is 2.0/sin 50° = 2.611 m 
long from A to B and its area is 1.3054 mî. 
Its centroid is 1/3 of the way down from A, 
so the centroidal depth is 3.0 + 0.667 m. The 
force on the gate is 
F = yhe A = (0.83)(9790)(3.667)(1.3054) 
= 38894 N 


The position of this force is below the 
centroid: 


I,, sind 
hogA 





Yor = 





373 o 
i (1/36)(1.0)(2.611) sin 50 = 0.0791 m 


(3.667)(1.3054) 


The force and its position are shown in the freebody at upper right. The gate weight of 
1500 N is assumed at the centroid of the plate, with moment arm 0.559 meters about point A. 
Summing moments about point A gives the required force P: 


XM, =0=P(2.0) + 1500(0.559) — 38894(0.870 + 0.0791), 
Solve for P=18040N Ans. 
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P2.69 Consider the slanted plate AB of 


length L in Fig. P2.69. (a) Is the hydrostatic 





force F on the plate equal to the weight 
Water, specific weight y 
of the missing water above the plate? If not, 
correct this hypothesis. Neglect the atmosphere. Fig. P2.69 


(b) Can a “missing water” approach be generalized to curved plates of this type? 


Solution: (a) The actual force F equals the pressure at the centroid times the plate area: 
But the weight of the “missing water” is 


F = peg Apie = YhcgLb = yt Lp = FE bsind 
1 : i 
W missing SVO msme Y [z Esin 6) (Lcos0)b] = FE bsin Acoso 


Why the discrepancy? Because the actual plate force is not vertical. Its vertical component 
is Fcos@ = Whissins. The missing-water weight equals the vertical component of the 
force. Ans.(a) This same approach applies to curved plates with missing water. Ans.(b) 





P2.70 The swing-check valve in 
Fig. P2.70 covers a 22.86-cm diameter 
opening in the slanted wall. The hinge 


is 15 cm from the centerline, as shown. 


The valve will open when the hinge a N Water at 20°C 
Fig. P2.70 





moment is 50 N-m. Find the value of 
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h for the water to cause this condition. 


Solution: For water, take y = 9790 N/m°. The hydrostatic force on the valve is 


F = pogA = yh(a)R’ = (9790) h(~)(0.1143m)" = 401.8h 


The center of pressure is slightly below the centerline by an amount 


ysinOl,, — (9790)sin(30°)(/4)(0.1143)* 0.00653 
F 100.45h h 


The 60° angle in the figure is a red herring — we need the 30° angle with the horizontal. 
Then the moment about the hinge is 





Yop 





Mhinge = Fl = (401.8h)(0.15+ 


oo, E cas 


Solve for h = 0.79m Ans. 


Since ycp is so small (2 mm), you don’t really need EES. Just iterate once or twice. 
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2.71 In Fig. P2.71 gate AB is 3 m wide aea. 
into the paper and is connected by a rod 
and pulley to a concrete sphere (SG = 
2.40). What sphere diameter is just right to 
close the gate? 4 


a 
a 


fe 


Solution: The centroid of AB is 10 m 
down from the surface, hence the hydrostatic 
force is 


F= vhogA = (9790)(10)(4 x 3) 


=1.175E6 N Ti 
The line of action is slightly below the Sa 
centroid: git 
Shs o 
o -UDOM sin i33 m z 
(10)(12) 


Sum moments about B in the freebody at 
right to find the pulley force or weight W: 





=M, =0= W(6+8+4 m)-(1.175E6)(2.0-0.133 m), or W =121800 N 


Set this value equal to the weight of a solid concrete sphere: 


W = 121800 N = /concrere a = (2.4(9790) =D, or: Done =215m Ans. 


sphere 





2.72 Gate B is 30 cm high and 60 cm 
wide into the paper and hinged at the top. 
What is the water depth h which will first 
cause the gate to open? 


Solution: The minimum height needed to 
open the gate can be assessed by calculating 
the hydrostatic force on each side of the gate Fig. P2.72 
and equating moments about the hinge. The 

air pressure causes a force, Fair, which acts 

on the gate at 0.15 m above point D. 





F,,, = (10,000 Pa)(0.3 m)(0.6 m) = 1800 N 
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Since the air pressure is uniform, Fair acts at the centroid of the gate, or 15 cm below the 
hinge. The force imparted by the water is simply the hydrostatic force, 


F, = (vhcgA)y = (9790 N/m?)(h—0.15 m)(0.3 m)(0.6 m) = 1762.2h — 264.3 


This force has a center of pressure at, 


_ (1/12)(0.6)(0.3)? (sin 90°) 0.0075 
(h-0.15)(0.3)(0.6) h-0.15 


with h in meters 





CP 


Sum moments about the hinge and set equal to zero to find the minimum height: 
È Mhinge = 0 = (1762.2h — 264.3)[0.15 + (0.0075/(h - 0.15))] — (1800)(0.15) 


This is quadratic in h, but let’s simply solve by iteration: h=1.12m Ans. 





2.73 Weightless gate AB is 5 ft wide into 
the paper and opens to let fresh water out 
when the ocean tide is falling. The hinge at 
A is 2 ft above the freshwater level. Find h to 
when the gate opens. 


Tide 
range 


Seawater 
SG = 1.025 





Solution: There are two different hydro- 
static forces and two different lines of 
action. On the water side, 


F, = yhe A = (62.4)(5)(10 x 5) = 15600 Ibf 


positioned at 3.33 ft above point B. In the 
seawater, 


F, = (1.025 x s2a(2) (5h) 


2 B er 
=159.9h? (Ibf) No force 


positioned at h/3 above point B. Summing moments about hinge point A gives the 
desired seawater depth h: 


XM, =0=(159.9h*)(12 — h/3) — (15600)(12 — 3.33), 
or 53.3h*? —1918.8h? +135200=0, solve for h=9.85ft Ans. 
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2.74 Find the height H in Fig. P2.74 for 
which the hydrostatic force on the rect- 
angular panel is the same as the force on 
the semicircular panel below. H 
Solution: Find the force on each panel and L 
set them equal: 

F 


rect 


= yhocA pa = y(H/D[(ZR)(H)] = yRH? 
Femi = heg A emi = (H + 4R3.2)[(7/2)R*] 
Set them equal, cancel y: RH? = (7/2)R?H + 2R?/3, or: H? — (2/2)RH — 2R7/3 =0 


Fig. P2.74 


semi 


Finally, HH =R[n/4+{(x/4)’ + 2/3}'7] ~1.92R Ans. 





P2.75 The cap at point B on the 
5-cm-diameter tube in Fig. P2.75 

will be dislodged when the hydrostatic 
force on its base reaches 22 Ibf. 


For what water depth h does this occur? 








Fig. P2.75 











Solution: Convert the cap force to SI units: 22 lbf x 4.4482 = 97.9N. 
Then the “dislodging: pressure just under cap B will be 


= E = — o = 49,800 Pa (gage) 
Aube (77/1 4)(0.05 m) 





PB 


Begin at point B, go down and around the two fluids to the surface of the tank: 


N 


3 
m 


49800 Pa + (0.8)(9790 





yim) + (9790 Nam) (9790 N h) = Psurface = 9 (gage) 
m m 


Solve for h = ae = 7.89 m Ans. 


9790 N / m? 
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2.76 Panel BC in Fig. P2.76 is circular. Compute (a) the hydrostatic force of the 
water on the panel; (b) its center of pressure; and (c) the moment of this force about 
point B. 


Solution: (a) The hydrostatic force on the 
gate is: 


F=vyvhogA 
= (9790 N/m?)(4.5 m)sin 50°(7)(1.5 m)* 
=239kN Ans. (a) 


(b) The center of pressure of the force is: 





T 4e 
1 sinb | ae sind : 
hcgA hcgA Fig. P2.76 


T 4 e 
—(1.5)" sin 50° 
ri ) 





Yop 


= + _ = 9,125 Ans. (b 
(4.5 sin 50°)(r)(1.57) ny 


Thus y is 1.625 m down along the panel from B (or 0.125 m down from the center of 
the circle). 
(c) The moment about B due to the hydrostatic force is, 


Mg = (238550 N)(1.625 m) = 387,600 N-m=388kN-m_ Ans. (c) 





2.77 Circular gate ABC is hinged at B. 
Compute the force just sufficient to keep 
the gate from opening when h = 8 m. 
Neglect atmospheric pressure. 


Solution: The hydrostatic force on the 
gate is 


F = vyhogA = (9790)(8 m)(z m7) 
= 246050 N 





This force acts below point B by the distance 


I,,sin@ (2/4) sin90° 
Yor = Te  —— eek 
hegA (8)(z) 





= -0.03125 m 


Summing moments about B gives P(1 m) = (246050)(0.03125 m), or P+7690N Ans. 








P2.78 Panels AB and CD are each 


120 cm wide into the paper. (a) Can 30 cm 


you deduce, by inspection, which 


| has the | ter force? 
panel has the larger water force ai 


(b) Even if your deduction is brilliant, 


calculate the panel forces anyway. 








Solution: (a) The writer is unable to deduce by inspection which panel force is larger. 
CD is longer than AB, but its centroid is not as deep. If you have a great insight, let me 
know. 

(b) The length of AB is (40cm)/sin40° = 62.23 cm. The centroid of AB is 40+20 = 60 


cm below the surface. The length of CD is (50cm)/sin50° = 65.27 cm. The centroid of 
AB is 30+25 = 55 cm below the surface. Calculate the two forces: 


Fap = MapAap = 9790 ~)(0.6m)(0.6223m)(1.2m) = 4390 N 
m 


Fep = YhicpAcp = 9790“. )(0.55m)(0.6527m)(1.2m) = 4220N — Ans.(b) 
m 


It turns out that panel AB has the larger force, but it is only 4 percent larger. 
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2.79 Gate ABC in Fig. P2.79 is 1-m- ¥ 


square and hinged at B. It opens auto- p Wee 
matically when the water level is high adt 
enough. Neglecting atmospheric pressure, {ten 
determine the lowest level h for which the oa 
gate will open. Is your result independent 

of the liquid density? Fig. P2.79 


Solution: The gate will open when the 
hydrostatic force F on the gate is above B, 
that is, when 


Isin 

bogA 

_ (/12)(1 m)(1 m)*sin 90° 
~  (h+0.5 m)(1 m2) 





lYorl= 





<0.1 m, 


or: h+0.5>0.833m, or: h>0.333m_ Ans. 


Indeed, this result is independent of the liquid density. 
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*P2.80 A concrete dam (SG = 2.5) is made 
in the shape of an isosceles triangle, as in 
Fig. P2.80. Analyze this geometry to find 
the range of angles 0 for which the 


hydrostatic force will tend to tip the dam 





over at point B. The width into the paper is b. 


Solution: The critical angle is when the hydrostatic force F causes a clockwise moment 
equal to the counterclockwise moment of the dam weight W. The length L of the slanted 
side of the dam is L = h/sin@. The force F is two-thirds of the way down this face. The 
moment arm of the weight about point B is l = h/tan0. The moment arm of F about point 
B is quite difficult, and you should check this: 














Moment arm of F about B is D 2l cosð = 1 1 2 cos@ 

3 3 sind tan 8 
Evaluate the two forces and then their moments: 
h h h 
F=y b ; W = SGyv = SGyh——b 
E 2 sin 0 PO dam £ tan 0 
2 2 
ZM; = yh b E 2hcos 0 SGyh~ bh ) sci 
2sin@ 3sin0  tand tanO tand 


When the moment is negative (small 0), the dam is stable, it will not tip over. The moment 
is zero, for SG = 2.5, at 9 = 77.4°. Thus tipping is possible in the range 0 >77.4°. Ans. 
NOTE: This answer is independent of the numerical values of h, g, or b but requires SG = 2.5. 





P2.81 For the semicircular cylinder CDE in Ex. 2.9, find the vertical hydrostatic force by 
integrating the vertical component of pressure around the surface from 0 =0 to 0 = z. 
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Solution: A sketch is repeated here. At any position Ø, 
as in Fig. P2.81, the vertical component of pressure is 
pcos@ The depth down to this point is h+R(1- cos8), 


and the local pressure is y times this depth. Thus 


F = | pcosodA = [71h + RA -cos6)] (cos) [bR dO] 
0 





m mT 
= ybR(h+ R)[cosOd0 — ybR? | cos” Od0 =0 - yR? Z 
0 0 


Fig. P2.81 


Rewrite:  FJown = yoke Ans. 


The negative sign occurs because the sign convention for dF was a downward force. 





2.82 The dam in Fig. P2.82 is a quarter-circle 50 m wide into the paper. Determine the 
horizontal and vertical components of hydrostatic force against the dam and the point CP 
where the resultant strikes the dam. 


Solution: The horizontal force acts as if the dam were vertical and 20 m high: 


Fa = VhcgA vert 
= (9790 N/m?)(10 m)(20x 50 m7) 
=97.9MN Ans. 
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8.49 m i 11.51 m 
4 AEA 
` 
DN i 


13.33 a 153.8 MN 
: `, 
TTAN 


6.67 m 







This force acts 2/3 of the way down or 13.33 m from the surface, as in the figure. The 
vertical force is the weight of the fluid above the dam: 


Fy =/7(Vol) gam = (9790 Nim?) = (20 m)*(50 m)=153.8MN Ans. 


This vertical component acts through the centroid of the water above the dam, or 4R/3z= 
4(20 m)/3z = 8.49 m to the right of point A, as shown in the figure. The resultant 
hydrostatic force is F = [(97.9 MN)* + (153.8 MN)?]!2 = 182.3 MN acting down at an 
angle of 32.5° from the vertical. The line of action of F strikes the circular-arc dam AB at 
the center of pressure CP, which is 10.74 m to the right and 3.13 m up from point A, as 
shown in the figure. Ans. 
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2.83 Gate AB is a quarter-circle 10 ft 
wide and hinged at B. Find the force F just 
sufficient to keep the gate from opening. 
The gate is uniform and weighs 3000 lbf. 


Solution: The horizontal force is computed 
as if AB were vertical: 

Fy = VhcgA ver, = (62.4)(4 ft)(8 x 10 ft?) 

=19968 lbf acting 5.33 ft below A 
The vertical force equals the weight of the 
missing piece of water above the gate, as 
shown below. 
Fy = (62.4)(8)(8 x 10) — (62.4)(7/4)(8) 10) 
= 39936 — 31366 = 8570 Ibf 





39936 lbf 


31366 lbf 


4ft 4ft 
= 4R/3n 





The line of action x for this 8570-lbf force is found by summing moments from above: 
= Mg (of Fy) = 8570x = 39936(4.0) —31366(4.605), or x =1.787 ft 


Finally, there is the 3000-lbf gate weight W, whose centroid is 2R/z = 5.093 ft from 
force F, or 8.0 — 5.093 = 2.907 ft from point B. Then we may sum moments about hinge B 
to find the force F, using the freebody of the gate as sketched at the top-right of 
this page: 


>» M, (clockwise) = 0 = F(8.0) + (3000)(2.907) — (8570)(1.787) — (19968)(2.667), 


F= a = 7480Ibf Ans. 
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P2.84 Panel AB is a parabola with its maximum  ------ 


at point A. Itis 150 cm wide into the paper. 


Neglect atmospheric pressure. Find (a) the vertical 





and (b) horizontal water forces on the panel. 75 cm 


pae 








Fig. P2.84 











Solution: (b) The horizontal force is calculated from the vertical projection of the panel 
(from point A down to the bottom). This is a rectangle, 75 cm by 150 cm, and its 
centroid is 37.5 cm below A, or (25 + 37.5) = 62.5 cm below the surface. Thus 


Fy = teen A pene = [9790 (0.625m)]I0.75m(1.50m)] = 6880 N  Ans.(b) 
m 


(a) The vertical force is the weight of water above the panel. This is in two parts (1) the 
weight of the rectangular portion above the line AC; and (2) the little curvy piece above 
the parabola and below line AC. Recall from Ex. 2.8 that the area under a parabola is 
two-thirds of the enclosed rectangle, so that little curvy piece is one-third of the rectangle. 
Thus, finally, 


F y = (9790)(0.25)(0.4)(1.5) + (9790)(10.75)(0.4)(.5) = 
= 1469N + 1469N = 2940 N Ans.(a) 





2.85 Compute the horizontal and vertical components of the hydrostatic force on the 
quarter-circle panel at the bottom of the water tank in Fig. P2.85. 
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Solution: The horizontal component is 


Fa = hec Ayen =(9790)(6)(2 x6) 
=705000N Ans. (a) 





Fig. P2.85 
The vertical component is the weight of the fluid above the quarter-circle panel: 


F, = W(2 by 7 rectangle) — W(quarter-circle) 
= (9790)(2 x 7 x 6) —(9790)(2/4)(2)° (6) 
= 822360 -184537 = 638000 N Ans. (b) 





2.86 The quarter circle gate BC in 
Fig. P2.86 is hinged at C. Find the 
horizontal force P required to hold the gate 
stationary. The width b into the paper 
is3 m. Neglect the weight of the gate. 





Solution: The horizontal component of Fig. P2.86 
water force is 


Fy = yhcgA = (9790 N/m?)(1 m)[(2 m)(3 m)] = 58,740 N 


This force acts 2/3 of the way down or 1.333 m down from the surface (0.667 m 
up from C). The vertical force is the weight of the quarter-circle of water above 
gate BC: 


Fy = (Vol) yarer = (9790 N/m? )[(7/4)(2 m}? (3 m)] = 92,270 N 


Fv acts down at (4R/3 7) = 0.849 m to the left of C. Sum moments clockwise about 
point C: 
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= Mc =0= (2 m)P — (58740 N)(0.667 m) — (92270 N)(0.849 m) = 2P —117480 
Solve for P=58,700 N=58.7kN Ans. 





2.87 The bottle of champagne (SG = 
0.96) in Fig. P2.87 is under pressure as 
shown by the mercury manometer reading. 
Compute the net force on the 2-in-radius 
hemispherical end cap at the bottom of the 
bottle. 


Solution: First, from the manometer, com- 
pute the gage pressure at section AA in the 





champagne 6 inches above the bottom: 
2 4 
Paa + (0.96 x 62.4) (2 ti) - (13.56 x aé i = Patmosphere = 9 (gage), 
or: Py, = 272 Ibf/ft” (gage) 


Then the force on the bottom end cap is vertical only (due to symmetry) and equals the 
force at section AA plus the weight of the champagne below AA: 


F = Fy = paa(Area), 4 + Wo.in cylinder ~ W2-in hemisphere 


= (272) (any + (0.96 x 62.4) 2(2/12)° (6/12) — (0.96 x 62.4)(27/3)(2/12)° 


= 23.744 2.61—0.58 = 25.8 Ibf Ans. 





2.88 Circular-arc Tainter gate ABC 
pivots about point O. For the position 
shown, determine (a) the hydrostatic force 
on the gate (per meter of width into the 
paper); and (b) its line of action. Does the 
force pass through point O? 


Solution: The horizontal hydrostatic 
force is based on vertical projection: 





Fy = yhegA yen = (9790)(3)(6 x 1) = 176220 Nat 4m below C 


The vertical force is upward and equal to the 
weight of the missing water in the segment 
ABC shown shaded below. Reference to a 
good handbook will give you the geometric 
properties of a circular segment, and you 
may compute that the segment area is 
3.261 m? and its centroid is 5.5196 m from 
point O, or 0.3235 m from vertical line AC, 
as shown in the figure. The vertical (upward) 
hydrostatic force on gate ABC is thus 


FB, = 7vAgpc(unit width) = (9790)(3.2611) 
=31926 N at 0.4804 m from B 





The net force is thus F=[F, +F,]'’? =179100N per meter of width, acting upward to 
the right at an angle of 10.27° and passing through a point 1.0 m below and 0.4804 m 
to the right of point B. This force passes, as expected, right through point O. 





2.89 The tank in the figure contains 
benzene and is pressurized to 200 kPa 
(gage) in the air gap. Determine the vertical 
hydrostatic force on circular-arc section AB 
and its line of action. 


Solution: Assume unit depth into the 
paper. The vertical force is the weight of 
benzene plus the force due to the air 
pressure: 





Fy = T064 .0)(881)(9.81) + (200, 000)(0.6)(1.0) = 122400 *. Ans. 


Most of this (120,000 N/m) is due to the air pressure, whose line of action is in the 
middle of the horizontal line through B. The vertical benzene force is 2400 N/m and has a 
line of action (see Fig. 2.13 of the text) at 4R/(3) = 25.5 cm to the right or A. 
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The moment of these two forces about A must equal to moment of the combined 
(122,400 N/m) force times a distance X to the right of A: 


(120000)(30 cm) + (2400)(25.5 em) = 122400(X), solve for X=29.9¢cm Ans. 


The vertical force is 122400 N/m (down), acting at 29.9 cm to the right of A. 





P2.90 The tank in Fig. P2.90 is 120 cm 
long into the paper. Determine the 
horizontal and vertical hydrostatic 
forces on the quarter-circle panel AB. 
The fluid is water at 20°C. 


Neglect atmospheric pressure. 





T Fig. P2.90 


The vertical force on AB is the weight of the missing water above AB — see the dashed 
lines in Fig. P2.90. Calculate this as a rectangle plus a square-minus-a-quarter-circle: 


Solution: For water at 20°C, take y= 9790 N/m’. 


Missing water= (1.5m)(0.75m)(1.2m) + (1-7 /4)(0.75m)? = 2.16+ 0.145 = 2.305 m° 
Fy = w = (9790N/m?)(2.305m°) = 22,600N (vertical force) 


The horizontal force is calculated from the vertical projection of panel AB: 


Fy =pcghA = (9790 ya. +22 my(0.75my(l.2m) = 16,500N (horizontal force) 
m 


Projection 





2.91 The hemispherical dome in Fig. P2.91 weighs 30 kN and is filled with water and 
attached to the floor by six equally-spaced bolts. What is the force in each bolt 
required to hold the dome down? 
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Solution: Assuming no leakage, the hydrostatic force required equals the weight of 
missing water, that is, the water in a 4-m-diameter cylinder, 6 m high, minus the 
hemisphere and the small pipe: 





Fig. P2.91 


W. 


Fetal =, W2-m-cylinder ~~ YY2-m-hemisphere W3.cm-pipe 


= (9790) (2)" (6) —(9790)(22/3)(2)° — (9790)(2/4)(0.03)? (4) 
= 738149 — 164033 — 28 = 574088 N 


The dome material helps with 30 KN of weight, thus the bolts must supply 574088—30000 
or 544088 N. The force in each of 6 bolts is 544088/6 or Fbolt ~ 90700 N Ans. 





2.92 A 4-m-diameter water tank consists 
of two half-cylinders, each weighing 
4.5 kN/m, bolted together as in Fig. P2.92. 
If the end caps are neglected, compute the 
force in each bolt. 


Solution: Consider a 25-cm width of 
upper cylinder, as seen below. The water 
pressure in the bolt plane is 





pı = yh = (9790)(4) = 39160 Pa 
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Then summation of vertical forces on this 
25-cm-wide freebody gives 


XE, =0=p,A,-W, 


water 


Weank = 2 Foot 


= (39160)(4 x 0.25) —(9790)(7/2)(2)" 0.25) 
~(4500)/4 —2F, 


olt > 





Solve for F 


one bolt 


=11300N Ans. 





2.93 In Fig. P2.93 a one-quadrant spherical 
shell of radius R is submerged in liquid of 
specific weight yand depth h > R. Derive an 
analytic expression for the hydrodynamic 
force F on the shell and its line of action. 


Solution: The two horizontal components 
are identical in magnitude and equal to the 
force on the quarter-circle side panels, whose Fig. P2.93 
centroids are (4R/37) above the bottom: 





Horizontal components: F, = F = yhegcAyen =Y (n = 2) A 
m 


Similarly, the vertical component is the weight of the fluid above the spherical surface: 


m 14 m 2R 
F, = W;yiinder — Wephere = ( Rn) ( zR’) =y—R° (n ) 
Zz cylinder sphere 4 4 Y 83 K 4 3 





There is no need to find the (complicated) centers of pressure for these three components, 
for we know that the resultant on a spherical surface must pass through the center. Thus 


F=[F +F +R] = ZR [0-2R/3)} +2 -4R/37) | Ans. 
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P2.94 Find an analytic formula for the vertical and horizontal forces on each of the 
semi-circular panels AB in Fig. P2.94. The width into the paper is b. Which force is 


larger? Why? 





Bo å oOo o = B 
Fig. P2.94 


Solution: It looks deceiving, since the bulging panel on the right has more water 
nearby, but these two forces are the same, except for their direction. The left-side figure 
is the same as Example 2.9, and its vertical force is up. The right-side figure has the 
same vertical force, but it is down. Both vertical forces equal the weight of water inside, 
or displaced by, the half-cylinder AB. Their horizontal forces equal the force on the 
projected plane AB. 


d 
Fy = PCG,AB A projected = log hto (bd) Ans. 


m d 
Fy = ps Uhalf -cylinder = PE BEY b] Ans. 
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2.95 The uniform body A in the figure has width b into the paper and is in static 
equilibrium when pivoted about hinge O. What is the specific gravity of this body when 
(a) h = 0; and (b) h = R? 


Solution: The water causes a horizontal and a vertical force on the body, as shown: 


Fy =y Rb at = above O, 


Fy = y= Rb at ae to the left of O 
4 3m 





These must balance the moment of the body weight W about O: 


2 2 2 
Zm, -Ë (4) yaR (8) y,aR (4) yR ©) =0 
2 \3 4 3a 4 3a 2 





Beh 
Solve for: SGyoay = Vs = E + >] Ans. 
“4 3 R 


Forh=0,SG=3/2 Ans. (a). Forh=R,SG=3/5 Ans. (b). 
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2.96 Curved panel BC is a 60° arc, 
perpendicular to the bottom at C. If the 
panel is 4 m wide into the paper, estimate 
the resultant hydrostatic force of the water 
on the panel. 


Solution: The horizontal force is, 


Fa =yhecân 
= (9790 N/m°)[2 + 0.5(3 sin 60°) m] 
x [(3 sin 60°)m(4 m)] 
=335,650 N 


The vertical component equals the weight 
of water above the gate, which is the sum 
of the rectangular piece above BC, and the 
curvy triangular piece of water just above 
arc BC—see figure at right. (The curvy- 
triangle calculation is messy and is not 
shown here.) 





Fy = 7(VoDabove gc = (9790 N/m? )[(3.0 +1.133 m° )(4 m)] = 161,860 N 
The resultant force is thus, 
R: =[(335,650) + (161,860) ]!? =372,635 N =373kN Ans. 
This resultant force acts along a line which passes through point O at 


0 = tan" (161,860/335,650) = 25.7° A 
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P2.97 The contractor ran out of gunite 


mixture and finished the deep corner, of a ---- 





5-m-wide swimming pool, with a quarter-circle 


piece of PVC pipe, labeled AB in 


Fig. P2.97 


Fig. P2.97. Compute the (a) horizontal and 


(b) vertical water forces on the curved panel AB. =77777777 


Solution: For water take y= 9790 N/m’. (a) The horizontal force relates to the vertical 
projection of the curved panel AB: 


Fi aw = ¥ Rog Aprojectea = 9790 )(2.5 m)[(m)(Sm)] = 122,000N Ans.(a) 
m 


(b) The vertical force is the weight of water above panel AB: 


Fy = (9790 )f(2m)(1m) + z1 m)?\(5m) = 136,000N  Ans.(b) 
m 
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2.98 Gate ABC in Fig. P2.98 is a quarter 
circle 8 ft wide into the paper. Compute the 
horizontal and vertical hydrostatic forces 
on the gate and the line of action of the 
resultant force. 


Solution: The horizontal force is 


F, = yhecAp = (62.4)(2.828)(5.657 x8) 
= 7987 Ibf — 





located at 


___(1M2)(8)(5.657)° 


Yq =- 0943 ft 
P (2.828)(5.657 x8) 


Area ABC = (2/4)(4)? — (4sin 45°)” 
= 4.566 ft? 
Thus F, =7Volagc = (62.4)(8)(4.566) = 2280 Ibf T 





The resultant is found to be 
F, =[(7987)° +(2280)7]? = 8300Ibf acting at 9=15.9° through the center O. Ans. 





P2.99 The mega-magnum cylinder in 

Fig. P2.99 has a hemispherical bottom and 

is pressurized with air to 75 kPa (gage). 
Determine (a) the horizontal and (b) the vertical 


hydrostatic forces on the hemisphere, in lbf. 





Solution: Since the problem asks for BG units, Fig. P2.99 


convert the air pressure to BG: 75,000 Pa + 47.88 = 1566 lbf/ft. 
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(a) By symmetry, the net horizontal force on the hemisphere is zero. Ans.(a) 


(b) The vertical force is the sum of the air pressure term plus the weight of the water 
above: 


E V = Pair Asurface + Ywater Uwater = 
= 1566) 206 fm? + (624 Direm eom -LED m] 
fi fi 23 


= 177,000/bf + 113,000/bf = 290,000 lbf Ans.(b) 





2.100 Pressurized water fills the tank in 
Fig. P2.100. Compute the hydrostatic force 
on the conical surface ABC. 





150 kPa 


gage 


Solution: The gage pressure is equivalent 
to a fictitious water level h = p/y = 
150000/9790 = 15.32 m above the gage or 
8.32 m above AC. Then the vertical force 
on the cone equals the weight of fictitious 
water above ABC: 

F, =7Vol 


above 


E Z oy Iz 9 
=(9790)| 2 (2) (8.32) + 34 (2) «| 


=297,000N Ans. 
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P2.101 The closed layered box in Fig. P2.101 
30 cm 
has square horizontal cross-sections everywhere. a 


All fluids are at 20°C. Estimate the 





A 
gage pressure of the air if (a) the 90 cm 
hydrostatic force on panel AB is 48 kN; C B 
160 cm 
or if (b) the hydrostatic force on the Fig. P2.101 


bottom panel BC is 97 kN. 


Solution: At 20°C, take poi = 891 kg/m? and Pwater = 998 kg/m’. The wedding-cake 
shape of the box has nothing to do with the problem. (a) the force on panel AB equals 
the pressure at the panel centroid (45 cm down from A) times the panel area: 


Fag = Peco Aap = (Pairt Poit8Moin + Pwater SMwater-cG) > OF: 
48000 N = [Pair + (891)(9.81)(0.8m) + (998)(9.81)(0.45m)][(0.9m)1.6m)] 


= (Pair + 6993 + 4406 Pa)(1 44m?) ; Solve Pair = 22000Pa Ans.(a) 
(b) The force on the bottom is handled similarly, except we go all the way to the bottom: 


Fgc = PBC Aap = (Part Poatou + Pwater 8hwater ) > Or: 
97000 N = [Pair +(891)(9.81)(0.8m) + (998)(9.8 D(0.9m][(1 .6m)(1.6m)] 


= (Pair + 6993 + 8812 Pa)(2.56m?) ; Solve pa, = 22000Pa Ans.(b) 
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2.102 A cubical tank is 3 x 3 x 3 m and is layered with 1 meter of fluid of specific 
gravity 1.0, 1 meter of fluid with SG = 0.9, and 1 meter of fluid with SG = 0.8. Neglect 
atmospheric pressure. Find (a) the hydrostatic force on the bottom; and (b) the force on a 
side panel. 


Solution: (a) The force on the bottom is the bottom pressure times the bottom area: 
Foot = Poot Abot = (9790 N/m*)[(0.8 x 1 m)+(0.9 x1 m)+(1.0 x1 m)](3 m)? 
= 238,000 N_ Ans. (a) 


(b) The hydrostatic force on the side panel is the sum of the forces due to each layer: 


Fae = È heg Asiae = (0.8 x 9790 N/m? )(0.5 m)(3 m°) + (0.9 x 9790 N/m?)(1.5 m)(3 m°) 
+ (9790 N/m*)(2.5 m)(3 m7) = 125,000 KN Ans. (b) 





2.103 A solid block, of specific gravity 0.9, floats such that 75% of its volume is in 
water and 25% of its volume is in fluid X, which is layered above the water. What is the 
specific gravity of fluid X? 


Solution: The block is sketched below. A force balance is W = ÈB, or 





0.97(HbL) = 7(0.75HbL) + SG, 7(0.25HbL) 
0.9-0.75=0.25SGx, SG, =0.6 Ans. 
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2.104 The can in Fig. P2.104 floats in the position shown. What is its weight in 
newtons? 


Solution: The can weight simply equals the weight of the displaced water (neglecting 
the air above): 





— HD =9 cm 
Fig. P2.104 


W = Misplaced = (9790) 7 (0.09 m)? (0.08 m)=5.0N_ Ans. 





2.105 Archimedes, when asked by King Hiero if the new crown was pure gold 
(SG = 19.3), found the crown weight in air to be 11.8 N and in water to be 10.9 N. Was 
it gold? 


Solution: The buoyancy is the difference between air weight and underwater weight: 


B= Wy, — Wyaer = 11.8-10.9 =0.9 N =7yaror? 


water crown 





But also Wair =) (SG) waterVerown> so Win water — BSG- 1) 
Solve for SG =1+W, 


crown in water 


/B =1+10.9/0.9 = 13.1 (not pure gold) Ans. 





2.106 A spherical helium balloon is 2.5 m in diameter and has a total mass of 6.7 kg. 
When released into the U. S. Standard Atmosphere, at what altitude will it settle? 
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Solution: The altitude can be determined by calculating the air density to provide the 
proper buoyancy and then using Table A.3 to find the altitude associated with this density: 


Pair = Mpatioon! W Ol sphere = (6.7 kg)/[z(2.5 m’? 6] = 0.819 kg/m? 


From Table A.3, atmospheric air has p= 0.819 kg/m? at an altitude of about 4000 m. Ans. 





2.107 Repeat Prob. 2.62 assuming that 
the 10,000 Ibf weight is aluminum (SG = 
2.71) and is hanging submerged in the water. 


Solution: Refer back to Prob. 2.62 for 
details. The only difference is that the force 
applied to gate AB by the weight is less 
due to buoyancy: 








p -SGD 271-1 


10000) = 6310 lbf 
net SG YVbody 2.71 ( ) 


This force replaces “10000” in the gate moment relation (see Prob. 2.62): 
2,(h h 
My =0=6310(15)—(288.2h*) a 60° — Fe 60° | — 4898(7.5 cos 60°) 


or: h* =76280/110.9=688, or: h=8.83ft Ans. 





2.108 A 7-cm-diameter solid aluminum 
2 pulleys 

ball (SG = 2.7) and a solid brass ball (SG = 8.5) 

balance nicely when submerged in a liquid, as 


in Fig. P2.108. (a) If the fluid is water at 20°C, 


what is the diameter of the brass ball? (b) If the 





brass ball has a diameter of 3.8 cm, what is the Fig. P2.108 


density of the fluid? 
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Solution: For water, take y= 9790 N/m’. If they balance, net weights are equal: 
T h3 T n3 
(SG atum ~ SG fluid XY water 6 alum = (SGbrass T SG fluid W water y Pbrass 
We can cancel water and (7/6). (a) For water, SGruia = 1, and we obtain 


(2.7-1)(0.07m)? = (8.5-l)Dprasy ; Solve Dyas = 0.0427m Ans.(a) 
(b) For this part, the fluid density (or specific gravity) is unknown: 


(2.7-SG fuia (0.07 m)° = (8.5—SG pyig (0.038m)*> ; Solve SG mia = 1.595 
Thus #uia = 1-595(998) = 1592kg/m? Ans.(b) 


According to Table A3, this fluid is probably carbon tetrachloride. 
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2.109 The float level h of a hydrometer is 
a measure of the specific gravity of the 
liquid. For stem diameter D and total 
weight W, if h = 0 represents SG = 1.0, 
derive a formula for h as a function of W, 
D, SG, and yo for water. 





Solution: Let submerged volume be vo : bal 
when SG = 1. Let A = 2D7/4 be the area of Fig. e008 
the stem. Then 
W(SG-1 
W=/7,0, =(SG)y,(v, —Ah), or: h= _ SCE 
SGy,(zD*/4) 





P2.110 A solid sphere, of diameter 18 cm, floats in 20°C water with 1,527 cubic 
centimeters exposed above the surface. (a) What are the weight and specific gravity of 
this sphere? (b) Will it float in 20°C gasoline? If so, how many cubic centimeters will 
be exposed? 


Solution: The total volume of the sphere is (7/6)(18 cm)? = 3054 cm*. Subtract the exposed 
portion to find the submerged volume = 3054 — 1527 = 1527 cm’. Therefore the sphere is 
floating exactly half in and half out of the water. (a) Its weight and specific gravity are 





k m 
Wopnere = Pwater 8 Vsubmerged = (998E O.81Z0527E- 6m) = 14.95N Ansa) 
m S 
Wsphere £ 14.95 kg 499 


= 499 > SG sphere RAR 
& Usphere (9.8 1)(3054E T 6) m 1000 





Psphere = = 0.50 Ans.(a) 


(b) From Table A.3, Pgasotine = 680 kg/m? > Psphere. Therefore it floats in gasoline. 
Ans.(b) 


(c) Neglecting air buoyancy on the exposed part, we compute the fraction of sphere 
volume that is exposed to be (680 — 499 kg/m*)/(680 kg/m*) = 0.266 or 26.6%. The 
volume exposed is 


d= 0.266 Vspnere = 0.266(3054 em?) = 813 cm> — Ans.(c) 


Vexp ose 


Check buoyancy: the submerged volume, 2241 cm’, times gasoline specific weight = 14.95 N N 
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2.111 A hot-air balloon must support its own weight plus a person for a total weight of 
1300 N. The balloon material has a mass of 60 g/m’. Ambient air is at 25°C and 
1 atm. The hot air inside the balloon is at 70°C and 1 atm. What diameter spherical 
balloon will just support the weight? Neglect the size of the hot-air inlet vent. 





Solution: The buoyancy is due to the difference between hot and cold air density: 


oa- P -0350 igst, 101350 aE 


RT.ig  (287)(273 + 25) oe 287(273+70) ` m’ 


The buoyant force must balance the known payload of 1300 N: 


W =1300 N = Apg Vol = (1.185-1.030)9.8)£ D’, 


Solve for D°=1628 or Daon ™11.8m Ans. 


Check to make sure the balloon material is not excessively heavy: 


W(balloon) = (0.06 kg/m?)(9.81 m/s?)(7)(11.8 m) ~256 N OK, only 20% of W, 


otal 
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2.112 The uniform 5-m-long wooden rod in the figure is tied to the bottom by a string. 
Determine (a) the string tension; and (b) the specific gravity of the wood. Is it also 
possible to determine the inclination angle 0? 





String 
tension 


1 





Fig. P2.112 


Solution: The rod weight acts at the middle, 2.5 m from point C, while the buoyancy is 
2 m from C. Summing moments about C gives 


È Mc =0 = W(2.5sin 0)-B(2.0sin 0), or W =0.8B 
But B = (9790)(7/4)(0.08 m)’ (4 m) = 196.8 N. 
Thus W =0.8B =157.5 N =SG(9790)(7/4)(0.08)(5 m), or: SG*0.64 Ans. (b) 


Summation of vertical forces yields 
String tension T=B-W=196.8-157.5%39N_ Ans. (a) 


These results are independent of the angle @ which cancels out of the moment balance. 
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2.113 A spar buoy is a rod weighted to 
float vertically, as in Fig. P2.113. Let the 
buoy be maple wood (SG = 0.6), 2 in by 
2 in by 10 ft, floating in seawater (SG = 
1.025). How many pounds of steel (SG = 
7.85) should be added at the bottom so that 
h= 18 in? Fig. P2.113 





Solution: The relevant volumes needed are 


Spar volume = 2(2) (10) = 0.278 ft?; Steel volume = Wee 
12\12 7.85(62.4) 


Immersed spar volume = 2(2) (8.5) = 0.236 ft? 
12\12 
The vertical force balance is: buoyancy B = Wwood + Wsteel, 


W, 
or: 1.025(62.4)| 0.236 + “#4 — | = 0.6(62.4)(0.278) + Weree1 
7.85(62.4) 


or: 15.09+0.1306W,,.., = 10.40 + Wiee) Solve for Wee © 5.4 Ibf Ans. 


steel 





2.114 The uniform rod in the figure is 
hinged at B and in static equilibrium when 
2 kg of lead (SG = 11.4) are attached at its 
end. What is the specific gravity of the rod 
material? What is peculiar about the rest 
angle 0= 30°? 





Solution: First compute buoyancies: Brod = 9790(7/4)(0.04)2(8) = 98.42 N, and Wlead 
= 2(9.81) = 19.62 N, Blead = 19.62/11.4 = 1.72 N. Sum moments about B: 


uM, =0=(SG -1)(98.42)(4 cos 30°) + (19.62 —1.72)(8 cos 30°) =0 
Solve for SG,,4 = 0.636 Ans. (a) 


The angle @ drops out! The rod is neutrally stable for any tilt angle! Ans. (b) 
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2.115 The 2 inch by 2 inch by 12 ft spar 
buoy from Fig. P2.113 has 5 lbm of steel 
attached and has gone aground on a rock. If 
the rock exerts no moments on the spar, 
compute the angle of inclination 0. 





Wood 
(SG = 0.6) 


Seawater 


64 Ibf/fÈ 


Solution: Let ¢ be the submerged length 
of spar. The relevant forces are: 


Wood = coso] z] =12.8 lbf at distance 6sin@ to the right of AV 


Buoyancy = “olik =1.778¢ at distance E sino to the right of AT 


The steel force acts right through A. Take moments about A: 


=M, =0=12.8(6sin 0) -1.778¢{ Esin o) 


Solve for € =86.4, or C€=9.295 ft (submerged length) 


Thus the angle of inclination 0 = cos! (8.0/9.295) = 30.6° Ans. 





P2.116 The deep submersible vehicle ALVIN, in the chapter-opener photo, has a titanium 
(SG = 4.50) spherical passenger compartment with an inside diameter of 78.08 in and a wall 
thickness of 1.93 in. (a) Would the empty sphere float in seawater? (b) Would it float if it 
contained 1000 lbm of people and equipment inside? (c) What wall thickness would cause 
the empty sphere to be neutrally buoyant? 


Solution: First convert the data to metric: Di = 78.08 inches = 1.983 m, D, = 78.08 + 
2(1.93) = 81.94 inches = 2.081 m, iitanium = 4.50(1000) = 4500 kg/m, seawater = 1025 
kg/m’. (a) Compute the weight of the sphere and compare to the buoyancy. 
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Weight = (45000.81 ZD ZI(2.081m)? -0.983m)°] = 28,084 N 
m S 


Buoyancy = (1025~¢9.81-5) = 2.081m) = 47,466N 
m AY 


You could also add in the weight of the air inside the sphere, but that is only 49 N. We 
see that the buoyancy exceeds the weight by 19 KN, or more than 2 tons. 
The sphere would float nicely. Ans.(a) 


(b) If we add 1000 Ibm of people and equipment, that would weigh 1000 lbf and be 
another (1000)(4.4482) = 4448 N of weight, making the total sphere weight 
28084+494+4448 = 32581 N. 

The excess buoyancy is 47466-32581 = 14885 N, it will still float nicely. Ans. (b) 
NOTE: The entire ALVIN, not just the sphere, floats, which is a good safety feature. 


(c) For neutral buoyancy, equate W (empty) and B and solve for the outside diameter: 


W= (4500)(9.8) Æ [D3 -(1.983)°]+49N = (1025)(9.81) =D; 
Solve for D, = 2.1615m, thickness = (2.1615 —1.983)/2 = 0.0893m = 3.5lin Ans.(c) 


Slightly less than doubling the wall thickness would create neutral buoyancy for the sphere. 
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2.117 The balloon in the figure is filled 
with helium and pressurized to 135 kPa 
and 20°C. The balloon material has a mass 


of 85 gim?. Estimate (a) the tension in the soon iat 
mooring line, and (b) the height in the "E 
standard atmosphere to which the balloon Mhe 
will rise if the mooring line is cut. Fig. P2.117 


Solution: (a) For helium, from Table A-4, R = 2077 m?/s%/K, hence its weight is 


135000 
2077(293) 


Meanwhile, the total weight of the balloon material is 


Wretium = P He8 Vballoon 7 | | (9.8 1 ) [Z a0)? | =1139 N 


2 


Wei (005 2 os zao m)?]=262 N 
m S 


Finally, the balloon buoyancy is the weight of displaced air: 


100000 


m 3 
—— |(9.81)} —(10)° |=6108 N 
sone $ Ec » | oe 


Bair = Pair8 ration = 
The difference between these is the tension in the mooring line: 


Tine = B, 


line air 





Wretium ~Wpattoon = 6108 1139-262 ~ 4700 N Ans. (a) 


(b) If released, and the balloon remains at 135 kPa and 20°C, equilibrium occurs when 
the balloon air buoyancy exactly equals the total weight of 1139 + 262 = 1401 N: 


k 
By; =1401 N = Pair 981) 10)°, Or: Pair ¥ 0.273 —& 
a 


From Table A-6, this standard density occurs at approximately 


Z~12,800m Ans. (b) 





P2.118 An intrepid treasure-salvage group has discovered a steel box, containing gold 
doubloons and other valuables, resting in 80 ft of seawater. They estimate the weight of the 
box and treasure (in air) at 7000 lbf. Their plan is to attach the box to a sturdy balloon, 
inflated with air to 3 atm pressure. The empty balloon weighs 250 lbf. The box is 2 ft wide, 
5 ft long, and 18 in high. What is the proper diameter of the balloon to ensure an upward lift 
force on the box that is 20% more than required? 
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Solution: The specific weight of seawater is approximately 64 Ibf/ft’. The box volume is 
(2ft)(S5f(1.S5ft) = 12 ft’, hence the buoyant force on the box is (64)(12) = 768 lbf. Thus the 
balloon must develop a net upward force of 1.2(7000-7681bf) = 7478 lbf. The air weight in 


the balloon is negligible, but we can compute it anyway. The air density is: 


slug 





2 
P= eo ) = 0.00714 
RT (1716 ft" /s~ —° R)(520° R) ft 
Hence the air specific weight is (0.0071)(32.2) = 0.23 Ibf/ft®, much less than the water. 


At p=3atm, Pair = 


Accounting for balloon weight, the desired net buoyant force on the balloon is 


F e = (64—0.231bf | ft?)(2/6)Dpatioon — 250lbf = 74781bf 
Solve for D? = 231.41bf? , Dpatoon ~ 614ft Ans. 





2.119 With a 5-lbf-weight placed at one 
end, the uniform wooden beam in the + 
figure floats at an angle @ with its upper 
right corner at the surface. Determine (a) 6, 


(b) ywood. Fig. P2.119 






Solution: The total wood volume is (4/ 12)2(9) = 1 fÉ. The exposed distance h = 9tan@. 
The vertical forces are 


DXF, = 0 = (62.4)(1.0) — (62.4)(h/2)(9)(4/12) — (SG)(62.4)(1.0) — 5 lbf 
The moments of these forces about point C at the right corner are: 
=M¢ =0= y(1)(4.5) — y..5h)(6 ft) —(SG)(y)(D(4.5 ft) + (5 Ibf)(0 ft) 
where y= 62.4 Ibf/ft? is the specific weight of water. Clean these two equations up: 
1.5h=1-SG-5/y (forces) 2.0h=1-—SG (moments) 


Solve simultaneously for SG ~ 0.68 Ans. (b); h=0.16 ft; 0 1.02° Ans. (a) 
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2.120 A uniform wooden beam (SG = 0.65) is 10 cm by 10 cm by 3 m and hinged at A. 
At what angle will the beam float in 20°C water? 


Solution: The total beam volume is 3(.1)2 = 0.03 m, and therefore its weight is W = 
(0.65)(9790)(0.03) = 190.9 N, acting at the centroid, 1.5 m down from point A. 
Meanwhile, if the submerged length is H, the buoyancy is B = (9790)(0.1)?H = 97.9H 
newtons, acting at H/2 from the lower end. Sum moments about point A: 





Fig. P2.120 


XM, =0=(97.9H)(3.0— H/2)cos 6-190.9(1.5cos 6), 
or H(3-—H/2)=2.925, solve for H#1.225m 


Geometry: 3 — H = 1.775 m is out of the water, or: sin0= 1.0/1.775, or 0= 34.3° Ans. 





2.121 The uniform beam in the figure is of 
size L by h by b, with b,h<<L. A uniform 
heavy sphere tied to the left corner causes 
the beam to float exactly on its diagonal. 
Show that this condition requires (a) yb = 
7/3; and (b) D = [Lhb/{ (SG — 1)}]!. 





Diameter D 


Solution: The beam weight W = ybLhb 
and acts in the center, at L/2 from the left 
corner, while the buoyancy, being a perfect Fig. P2.121 
triangle of displaced water, equals B = 
yLhb/2 and acts at L/3 from the left corner. 
Sum moments about the left corner, point C: 


= Mo =0=(7,Lhb)(L/2)-(yLhb/2)(LB), or y,=y/3 Ans. (a) 
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Then summing vertical forces gives the required string tension T on the left corner: 


È F, =0=yLbh/2-y,Lbh-T, or T=yLbh/6 since y, =7/3 





1⁄3 
Butalso T =(W—B)prere = (SG- D72 TD, sothat D=- PP | Ans.) 
i a(SG-1) 
2.122 A uniform block of steel (SG = Z 


7.85) will “float” at a mercury-water 

interface as in the figure. What is the ratio Water ~ Yee] - a 

of the distances a and b for this condition? WAXED 
Mercury: SG = 13.56 

Solution: Let w be the block width into 

the paper and let y be the water specific Fig. P2.122 


weight. Then the vertical force balance on 
the block is 


7.85y(a + b)Lw = 1.0yaLw +13.56ybLw, 


or 7.85a+7.85b =a+13.56b, solve for k z 8 = 0.834 Ans. 





P2.123 A barge has the trapezoidal 
shape shown in Fig. P2.123 and is 
22 m long into the paper. 


Tf the total weight of barge and 





im 8 mn— 
' ' 


cargo is 350 tons, what is the draft 


fates Fig. P2.123 
H of the barge when floating in seawater? 


Solution: For seawater, let p = 1025 kg/m’. The top of the barge has length 
[8m+2(2.5)tan60°] = 8 + 2.89 = 10.89 m. Thus the total volume of the barge is 

[(8+10.89m)/2](2.5m)(22m) = 519.4 m°. In terms of seawater, this total volume would be 
equivalent to (519.4m?)(1025kg/m*)(9.81m/s") = 5.22E6N + 4.4482Ibf/N + 2000Ibf/ton = 


Chapter 2 e Pressure Distribution in a Fluid 153 


587 tons. Thus a cargo of 350 tons = 700,000 lbf would fill the barge a bit more than 
halfway. Thus we solve the following equation for the draft to give W = 350 tons: 





H kg m 1 
22m)(H)(8 + m)(1025——-)(9.8 1—)(——————_) = 700,0001b 
(22m)(H)( ako M m sD TAAS2F IN) of 
Solve by iteration or EES: H x 1.58m Ans. 









2.124 A balloon weighing 3.5 lbf is 6 ft 
in diameter. If filled with hydrogen at 18 psia 
and 60°F and released, at what U.S. 
standard altitude will it be neutral? 







D=6 ft 
W =3.5 lbf 
Hydrogen, 

18 psi, 60°F 


Solution: Assume that it remains at 18 psia and 60°F. For hydrogen, from Table A-4, 
R 24650 ft?/(s?-°R). The density of the hydrogen in the balloon is thus 


p 18(144) 


=+_=—_"* "_ x 0,000202 slug/ft® 
RT — (24650)(460 + 60) 


Pr, 
In the vertical force balance for neutral buoyancy, only the outside air density is unknown: 
DF, = Bair — Wa, — Woattoon = Par 82DE z (0.000202)(32.2)Æ (6 -3.5 Ibf 
Solve for p,;, ~ 0.00116 slug/ft*® ~ 0.599 kg/m? 
From Table A-6, this density occurs at a standard altitude of 6850 m ~ 22500 ft. Ans. 





P2.125 A solid sphere, of diameter 20 cm, has a specific gravity of 0.7. (a) Will this 
sphere float in 20°C SAE 10W oil? If so, (b) how many cubic centimeters are exposed, 
and (c) how high will a spherical cap protrude above the surface? NOTE: If your 
knowledge of offbeat sphere formulas is lacking, you can “Ask Dr. Math” at Drexel 
University, http://mathforum.org/dr.math/. EES is recommended for the solution. 
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Solution: From Table A.3, the density of SAE 10W oil is spherical 

870 kg/m? > 700 kg/m’. The sphere floats in oil. Ans.(a) AO E 
The volume of the sphere is 

(n/6)(20 cm)? = 4,189 cm°. The fraction exposed is 
(870-700)/870 = 0.195 or 19.5 % 

The volume exposed is (0.195)(4189) = 818 cm’. Ans.(b) 


From “Dr. Math”, or a good math book, the sphere formulas 
relate to the distances (r, h, R) shown in the figure at right. 


2.32 
Ra = hee 
2h 





_ Fix 2, 72 _ 3 
a = gO" +h°)h = 818 cm 


Knowing that h is small, of order 5 cm, you could guess your way to the answer. Or you could 
use EES and get the answer directly. In either case, the resultis h = 5.67cm  Ans.(c) 
The sphere would poke out of the water to a height of 5.67 centimeters. 








2.126 A block of wood (SG = 0.6) floats Air = 0 kPa gage 
in fluid X in Fig. P2.126 such that 75% of 
its volume is submerged in fluid X. Estimate 
the gage pressure of the air in the tank. 


Solution: In order to apply the hydro- 
static relation for the air pressure calcula- 
tion, the density of Fluid X must be found. 
The buoyancy principle is thus first applied. 
Let the block have volume V. Neglect the 
buoyancy of the air on the upper part of the 
block. Then 


Fig. P2.126 


0.67 yaterV =x (0.7SV) + gig O25V; Vy © 0.87 pater = 7832 Nim? 
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The air gage pressure may then be calculated by jumping from the left interface into fluid X: 


0 Pa-gage — (7832 N/m? )(0.4 m) = Pa = —3130 Pa-gage = 3130 Pa-vacuum Ans. 





2.127* Consider a cylinder of specific gravity S < 1 floating vertically in water (S = 
1), as in Fig. P2.127. Derive a formula for the stable values of D/L as a function of S and 
apply it to the case D/L = 1.2. 


Solution: A vertical force balance provides a relation for h as a function of S and L, 
yaD?h/4 = SyxD°L/4, thus h=SL 


«D> 


E h 
Fig. P2.127 
To compute stability, we turn Eq. (2.52), centroid G, metacenter M, center of buoyancy B: 





Z (DN 2 
MB =1,/V b = á —_ -MG+GB and substituting h= SL, = MG + GB 
TZ Dh 16SL 
4 


where GB = L/2 — h/2 = L/2 — SL/2 = L(1 — S)/2. For neutral stability, MG = 0. Substituting, 


D 
16SL 





=0+ Za —S) solving for DIL, 25 8Sd-S) Ans. 


If D/L = 1.2, S? -S +0.18 = 0,or 0<S<0.235 and 0.765 <S <1 for stability Ans. 





156 Solutions Manual e Fluid Mechanics, Fifth Edition 


2.128 The iceberg of Fig. 2.20 can be idealized as a cube of side length L as shown. If 
seawater is denoted as S = 1, the iceberg has S = 0.88. Is it stable? 


Solution: The distance h is determined by 
yh? =Sy,L, or: h=SL 


Specific gravity 
=S 





|-—.—] 


Fig. P2.128 


The center of gravity is at L/2 above the bottom, and B is at h/2 above the bottom. The 
metacenter position is determined by Eq. (2.52): 


Un2 É L 
ae =——=MG+GB 


MB = I,/v,,4 = a 
` Lh 12h 12S 








Noting that GB = L/2 — h/2 = L(1 — S)/2, we may solve for the metacentric height: 


i. ob 1 
=——-=(1-S)=0 if S’-S+—=0, or: S=0.211 or 0.789 
128 2 6 


Instability: 0.211 < S < 0.789. Since the iceberg has S = 0.88 > 0.789, it is stable. Ans. 





2.129 The iceberg of Prob. 2.128 may 
become unstable if its width decreases. 
Suppose that the height is L and the depth 
into the paper is L but the width decreases 
to H < L. Again with S = 0.88 for the 
iceberg, determine the ratio H/L for which 
the iceberg becomes unstable. 





Solution: As in Prob. 2.128, the submerged distance h = SL = 0.88L, with G at L/2 
above the bottom and B at h/2 above the bottom. From Eq. (2.52), the distance MB is 


L st) 


I LH*/12 H? 
= t = -mG+aB=MG+{ 5 


MB=—2 
HL(SL)  12SL 











L, 


sub 
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Then neutral stability occurs when MG = 0, or 


H? = La -S), or H- [6S1 -S)]? =[6(0.88)(1-0.88)]? = 0.796 Ans 
12SL 2 : L i ` : C 








2.130 Consider a wooden cylinder (SG = 
0.6) 1 m in diameter and 0.8 m long. 
Would this cylinder be stable if placed to 
float with its axis vertical in oil (SG = 0.85)? 

L=0.8 m 
Solution: A vertical force balance gives 


0.85R7h = 0.67R7(0.8 m), 
or: h=0.565 m 


The point B is at h/2 = 0.282 m above the bottom. Use Eq. (2.52) to predict the meta- 
center location: 





MB =1,/v,, =[2(0.5)*/4]/[7(0.5)*(0.565)] = 0.111 m=MG+GB 


Now GB = 0.4 m — 0.282 m = 0.118 m, hence MG = 0.111 — 0.118 = -0.007 m. 
This float position is thus slightly unstable. The cylinder would turn over. Ans. 





2.131 A barge is 15 ft wide and floats 
with a draft of 4 ft. It is piled so high with 
gravel that its center of gravity is 3 ft above 
the waterline, as shown. Is it stable? 


Solution: Example 2.10 applies to this 
case, with L = 7.5 ft and H = 4 ft: 





EE E 
3H 2 34 2 


Since G is 3 ft above the waterline, MG = 2.69 — 3.0 = —0.31 ft, unstable. Ans. 


= 2.69 ft, where “A” is the waterline 
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2.132 A solid right circular cone has SG = 0.99 and floats vertically as shown. Is this a 
stable position? 


Solution: Let 7 be the radius at the surface and let z be the exposed height. Then 





>| R j 
Fig. P2.132 


1 m Zz r 
YF, =0=7, —(R*h-1’z)-0.99,, —R7h, with —=—. 
y 3 ( ) v 3 wi ER 
Thus $= (0.01) =0.2154 
The cone floats at a draft ¢ = h — z = 0.7846h. The centroid G is at 0.25h above the 
bottom. The center of buoyancy B is at the centroid of a frustrum of a (submerged) cone: 


_ 0.7846h ( R? + 2Rr+3r7 | 


z (R Rar =0.2441h above the bottom 
+Rr+r 


S 





Then Eq. (2.52) predicts the position of the metacenter: 


4 2 
Mp =e = A021) poisi =MG GB 
Vay 0.997R°h h 


=MG +(0.25h—0.2441h) = MG +0.0594h 
Thus MG > 0 (stability) if (R/h)? > 10.93 or R/h>3.31 Ans. 








2.133 Consider a uniform right circular 
cone of specific gravity S < 1, floating with 
its vertex down in water, S = 1.0. The base 
radius is R and the cone height is H, as 
shown. Calculate and plot the stability 
parameter MG of this cone, in dimensionless 
form, versus H/R for a range of cone 
specific gravities S < 1. 





Solution: The cone floats at height h and radius r such that B = W, or: 


3 3 
T a T 2 h r 
—rh(1.0)=—R°H(S), or: —~=—=S<1 
3 ee 3 H R 


Thus r/R = h/H = S! = = (for short. Now use the stability relation: 





4 2 
mG+GB=MG+( 27 an) I, _ ar'l4 _3¢R 


4 Vaub ThB 4H 
(R? 
Non-dimensionalize in the final form: “m, = E —,-1+ c). ¢=S® Ans. 


This is plotted below. Floating cones pointing down are stable unless slender, R << H. 
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2.134 When floating in water (SG = 1), 
an equilateral triangular body (SG = 0.9) 
might take two positions, as shown at right. 
Which position is more stable? Assume 
large body width into the paper. 





(a) (b) 
Fig. P2.134 


Solution: The calculations are similar to the floating cone of Prob. 2.132. Let the 
triangle be L by L by L. List the basic results. 
(a) Floating with point up: Centroid G is 0.289L above the bottom line, center of buoyancy B 


is 0.245L above the bottom, hence GB = (0.289 — 0.245)L ~ 0.044L. Equation (2.52) gives 
MB = I,/v,,, = 0.0068L = MG + GB = MG + 0.044L 


sub 


Hence MG=-0.037L Unstable Ans. (a) 





(b) Floating with point down: Centroid G is 0.577L above the bottom point, center of 
buoyancy B is 0.548L above the bottom point, hence GB = (0.577 — 0.548)L = 0.0296L. 
Equation (2.52) gives 





MB =1,/v,,, =0.1826L = MG + GB = MG + 0.0296L 


Hence MG=+0.153L Stable Ans. (b) 





2.135 Consider a homogeneous right 
circular cylinder of length L, radius R, and 
specific gravity SG, floating in water (SG = 1) 
with its axis vertical. Show that the body is 
stable if 


R/L > [2SG0.-SG)]” 


Solution: For a given SG, the body floats 
with a draft equal to (SG)L, as shown. Its 
center of gravity G is at L/2 above the 
bottom. Its center of buoyancy B is at 
(SG)L/2 above the bottom. Then Eq. (2.52) 
predicts the metacenter location: 


4 2 
MB =I,/, =—R* 2 . 

™ AR?(SG)L 4(SG)L 
Thus MG>0 (stability) if R?/L?>2SG(1-SG) Ans. 











MG-+GB=MG+ : sce 
2 2 


For example, if SG = 0.8, stability requires that R/L > 0.566. 
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2.136 Consider a homogeneous right 
circular cylinder of length L, radius R, and 
specific gravity SG = 0.5, floating in water 
(SG = 1) with its axis horizontal. Show that 
the body is stable if L/R > 2.0. ; AR/3T 





Width L 
into paper 


Solution: For the given SG = 0.5, the 
body floats centrally with a draft equal to 
R, as shown. Its center of gravity G is exactly at the surface. Its center of buoyancy B is 
at the centroid of the immersed semicircle: 4R/(37) below the surface. Equation (2.52) 
predicts the metacenter location: 





3 2 
Mechie AT T NEMO = 
wb ARAL  37R 32 
2 
or: MG= sek >0 (stability) if L/R>2 Ans. 
3aR 32 





2.137 A tank of water 4 m deep receives 
a constant upward acceleration az. 
Determine (a) the gage pressure at the tank 
bottom if az =5 m/s; and (b) the value of 
az which causes the gage pressure at the 
tank bottom to be | atm. 





Solution: Equation (2.53) states that Vp = p(g — a) = p(—kg — kaz) for this case. Then, 
for part (a), 


Ap = p(g +a,) AS = (998 kg/m?)(9.81+5 m7/s)(4 m) = 59100 Pa (gage) Ans. (a) 


For part (b), we know Ap = 1 atm but we don’t know the acceleration: 


Ap = p(g-+a, )AS = (998)(9.81+a, (4.0) = 101350 Pa if a,=15.6 = Ans. (b) 
sS 
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2.138 A 12 fluid ounce glass, 3 inches in diameter, sits on the edge of a merry-go-round 
8 ft in diameter, rotating at 12 r/min. How full can the glass be before it spills? 





Merry-go-round: 
D= 8 fh, 


oz. Q =12 r/min 
a? 


Solugon: First, how high i is the container? Well, 1 fluid oz. = 1.805 in*, hence 12 fl. oz. = 
21.66 in? = = 1.5 in) 7h, or h = 3.06 in—It is a fat, nearly square little glass. Second, 
determine the acceleration toward the center of the merry-go-round, noting that the 
angular velocity is Q = (12 rev/min)(1 min/60 s)(27rad/rev) = 1.26 rad/s. Then, for r= 4 ft, 


a, = 071 = (1.26 rad/s)’ (4 ft) = 6.32 ft/s 


Then, for steady rotation, the water surface in the glass will slope at the angle 


il: BOE gg eth AK, 


tan ĝ = gta = 32.240 left to center 
$ ‘ 








=(0.196)(1.5 in) = 0.294 in 


Thus the glass should be filled to no mote than 3.06 — 0. eae 2.77 inches 
This amount of liquid is b= z (1.5 in)? (2.77 in) = 19.61 in? ~ 10.8 fluid oz. Ans. 





2.139 The tank of liquid in the figure P2.139 
accelerates to the right with the fluid in 
rigid-body motion. (a) Compute ax in m/s”. 
(b) Why doesn’t the solution to part (a) 
depend upon fluid density? (c) Compute 
gage pressure at point A if the fluid is 
glycerin at 20°C. 





Fig. P2.139 


Solution: (a) The slope of the liquid gives us the acceleration: 


tang = 2 = 28-15 cm 
g 100 cm 


thus a, =0.13g =0.13(9.81)=1.28 m/s? Ans. (a) 


=0.13, or: 0=7.4° 


(b) Clearly, the solution to (a) is purely geometric and does not involve fluid density. Ans. (b) 


Chapter 2 e Pressure Distribution in a Fluid 163 


(c) From Table A-3 for glycerin, 9 = 1260 kg/m?, There are many ways to compute pA. 
For example, we can go straight down on the left side, using only gravity: 


P, = pgAdz = (1260 kg/m?)(9.81 m/s”)(0.28 m) = 3460 Pa (gage) Ans. (c) 
Or we can start on the right side, go down 15 cm with g and across 100 cm with ax: 


Pa = pgAz+ pa, Ax = (1260)(9.81)(0.15) + (1260)(1.28)(1.00) 
=1854+1607=3460Pa Ans. (c) 





2.140 An elliptical-end fuel tank is 10 m long, with 3-m horizontal and 2-m vertical 
major axes, and filled completely with fuel oil (o = 890 kg/m?). Let the tank be pulled 
along a horizontal road in rigid-body motion. Find the acceleration and direction for 
which (a) a constant-pressure surface extends from the top of the front end to the bottom 
of the back end; and (b) the top of the back end is at a pressure 0.5 atm lower than the top of 


the front end. 
2m Fuel oil 


+ 10m — 


a, =? 





Solution: (a) We are given that the isobar or constant-pressure line reaches from point 
C to point B in the figure above, @ is negative, hence the tank is decelerating. The 
elliptical shape is immaterial, only the 2-m height. The isobar slope gives the acceleration: 


tande p=- =-0.2=%, hence a, =-0.2(9.81)=-1.96 m/s? Ans. (a) 
10 m g 


(b) We are now given that pA (back end top) is lower than pB (front end top)—see the 
figure above. Thus, again, the isobar must slope upward through B but not necessarily 
pass through point C. The pressure difference along line AB gives the correct 
deceleration: 


Apa- =—0.5(101325 Pa) = p,i,4,AX4_p = (390 4) a,(10 m) 


solve for a, =-5.69 m/s? Ans. (b) 
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This is more than part (a), so the isobar angle must be steeper: 


tan 0 = ao =-0.580, hence 6, 


9.81 isobar 


=—30.1° 


The isobar in part (a), line CB, has the angle @a) = tan~!(-0.2) =-11.3°. 





2.141 The same tank from Prob. 2.139 is E 
now accelerating while rolling up a 30° = honey. -A i oe 
inclined plane, as shown. Assuming rigid- b = 

body motion, compute (a) the acceleration a, aes 


(b) whether the acceleration is up or down, 
and (c) the pressure at point A if the fluid is 
mercury at 20°C. 





1 


Fig. P2.141 
Solution: The free surface is tilted at the angle 0 = —30° + 7.41° = —22.59°. This angle 
must satisfy Eq. (2.55): 


tan 0 = tan(—22.59°) = -0.416 =a, /(g+a,) 
But the 30° incline constrains the acceleration such that ax = 0.866a, az = 0.5a. Thus 


tan 0 = —0.416 = = Pat, solve for a ~ -3.80 = (down) Ans. (a, b) 
9.81+0.5a N 


The cartesian components are ax = —3.29 m/s? and az = 1.90 m/s”. 
(c) The distance AS normal from the surface down to point A is (28 cos@) cm. Thus 


pa = ela? +(g+a,) J7 = (13550)[(-3.29) + (9.81-1.90) }' (0.28.c0s7.41°) 
= 32200 Pa (gage) Ans. (c) 





2.142 The tank of water in Fig. P2.142 is 12 cm wide into the paper. If the tank is 
accelerated to the right in rigid-body motion at 6 m/s”, compute (a) the water depth at 
AB, and (b) the water force on panel AB. 
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Fig. P2.142 


Solution: From Eq. (2.55), 


tan 0 =a,/g = 5o =0.612, or @%31.45° 
9.81 


Then surface point B on the left rises an additional Az = 12 tanĝ ~ 7.34 cm, 
or: water depth AB = 9 +7.34 ~16.3cm Ans. (a) 


The water pressure on AB varies linearly due to gravity only, thus the water force is 


16 
Fup =PccAap = co790)( 018 m) (0.163 m)(0.12 m)=15.7N_ Ans. (b) 





166 Solutions Manual e Fluid Mechanics, Fifth Edition 


2.143 The tank of water in Fig. P2.143 is 
full and open to the atmosphere (patm = 
15 psi = 2160 psf) at point A, as shown. 
For what acceleration ax, in ft/s, will the 
pressure at point B in the figure be 
(a) atmospheric; and (b) zero absolute 


i 
(neglecting cavitation)? leet pase 





Solution: (a) For pA = pB, the Fig.-P2:1493 
imaginary ‘free surface isobar’ should join 
points A and B: 


tan 0,, =tan 45°=1.0=a,/g, hence a, = g=32.2 ft/s? Ans. (a) 
(b) For pB = 0, the free-surface isobar must tilt even more than 45°, so that 
Pp =0= py, t+ pgAz— pa, Ax = 2160+ 1.94(32.2)(2) -1.94a,.(2), 
solve a, =589 ft/s? Ans. (b) 


This is a very high acceleration (18 g’s) and a very steep angle, 0= tan !(589/32.2) = 87°. 





2.144 Consider a hollow cube of side A 
length 22 cm, full of water at 20°C, and oe 
open to patm = 1 atm at top corner A. The B 

top surface is horizontal. Determine the rigid- 

body accelerations for which the water at 22 cm 
opposite top corner B will cavitate, for (a) 


horizontal, and (b) vertical motion. 


y 


rater 


Solution: From Table A-5 the vapor pressure of the water is 2337 Pa. (a) Thus 
cavitation occurs first when accelerating horizontally along the diagonal AB: 


Pa — Pp = 101325 —2337 = pa, 4pAL ap = (998)a,, 4g (0-222), 
solve a, 4g =319 m/s? Ans. (a) 


If we moved along the y axis shown in the figure, we would need ay = 319V2 = 451 m/s. 
(b) For vertical acceleration, nothing would happen, both points A and B would continue 
to be atmospheric, although the pressure at deeper points would change. Ans. 
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2.145 A fish tank 16-in by 27-in by 
14-inch deep is carried in a car which 
may experience accelerations as high as 
6 m/s”. Assuming rigid-body motion, estimate 
the maximum water depth to avoid 


14 in 
spilling. Which is the best way to align | 


the tank? 16 in “® (pest choice) 





Solution: The best way is to align the 16-inch width with the car’s direction of motion, 
to minimize the vertical surface change Az. From Eq. (2.55) the free surface angle will be 


_ 6.0 16" 


tan Onax = a,/g SI =0.612, thus Az = 3 tan 0 = 4.9 inches (0 =31.5°) 





Thus the tank should contain no more than 14 — 4.9 = 9.1 inches of water. Ans. 





2.146 The tank in Fig. P2.146 is filled En A 
with water and has a vent hole at point A. Water at 20°C 

It is 1 m wide into the paper. Inside is a 

10-cm balloon filled with helium at 40 cm 
130 kPa. If the tank accelerates to the 

right at 5 m/s/s, at what angle will the 

balloon lean? Will it lean to the left or to 

the right? 


1 atm 





Solution: The acceleration sets up 
pressure isobars which slant down and to 
the right, in both the water and in the 
helium. This means there will be a 
buoyancy force on the balloon up and to 
the right, as shown at right. It must be 
balanced by a string tension down and to 
the left. If we neglect balloon material 
weight, the balloon leans up and to the 


right at angle 
0= tan"! (=) = tan” (22) =27° Ans. 
g 9.81 


measured from the vertical. This acceleration-buoyancy effect may seem counter-intuitive. 





tension 
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2.147 The tank of water in Fig. P2.147 N 

accelerates uniformly by rolling without =y 

friction down the 30° inclined plane. What 

is the angle 0 of the free surface? Can you 

explain this interesting result? N” 


Solution: If frictionless, Ł F = W sinĝ= ma : 30° 
along the incline and thus a = g sin 30° = 0.5g. 





Fig. P2.147 


a, _ 0.5gcos30° 
gta, g—0.5gsin30°’ 





Thus tan 0 = solve for 0=30°! Ans. 


The free surface aligns itself exactly parallel with the 30° incline. 





P2.148 A child is holding a string onto which is attached a helium-filled balloon. (a) 
The child is standing still and suddenly accelerates forward. In a frame of reference 
moving with the child, which way will the balloon tilt, forward or backward? Explain. 
(b) The child is now sitting in a car that is stopped at a red light. The helium-filled 
balloon is not in contact with any part of the car (seats, ceiling, etc.) but is held in place 
by the string, which is held by the child. All the windows in the car are closed. When 
the traffic light turns green, the car accelerates forward. In a frame of reference moving 
with the car and child, which way will the balloon tilt, forward or backward? Explain. 
(c) Purchase or borrow a helium-filled balloon. Conduct a scientific experiment to see if 
your predictions in parts (a) and (b) are correct. If not, explain. 


Solution: (a) Only the child and balloon accelerate, not the surrounding air. This is not 
rigid-body fluid motion. The balloon will tilt backward due to air drag. Ans.(a) 

(b) Inside the car, the trapped air will accelerate with the car and the child, etc. 
This is rigid-body motion. The balloon will tilt forward, as in Prob. P2.146. Ans.(b) 

(c) A student in the writer’s class actually tried this experimentally. Our 
predictions were correct. 
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2.149 The waterwheel in Fig. P2.149 lifts 
water with 1-ft-diameter half-cylinder 
blades. The wheel rotates at 10 r/min. What 
is the water surface angle @at pt. A? 


Solution: Convert Q = 10 r/min = 1.05 
rad/s. Use an average radius R = 6.5 ft. — ift Re 
Then 





Fig. P2.149 


a, = Q?R = (1.05) (6.5) ~ 7.13 ft/s? toward the center 
Thus tan@=a,/g=7.13/32.2, or: @=12.5° Ans. 





2.150 A cheap accelerometer can be 
made from the U-tube at right. If L = 
18 cm and D = 5 mm, what will h be if 
ax = 6 m/s”? 


Solution: We assume that the diameter is 
so small, D<L, that the free surface is a 
“point.” Then Eq. (2.55) applies, and 





Fig. P2.150 


aie aie Ge io. or 0=31.5° 
9.81 


Then h= (L/2)tan 0 = (9 cm)(0.612)=5.5cm Ans. 


Since h = (9 cm)ax/g, the scale readings are indeed linear in ax, but I don’t recommend it 
as an actual accelerometer, there are too many inaccuracies and disadvantages. 





2.151 The U-tube in Fig. P2.151 is open 
at A and closed at D. What uniform accel- 
eration ax will cause the pressure at point 
C to be atmospheric? The fluid is water. lft 





JA 
AON 






| 
| 
N 
IN 
| N 
Solution: If pressures at A and C are 
the same, the “free surface” must join 
these points: 


1ft 
Fig. P2.151 


0=45°, a, = gtan 0 =g =32.2 ft/s? Ans. 
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2.152 A 16-cm-diameter open cylinder 


1 
27 cm high is full of water. Find the central Q |, ----- 
rigid-body rotation rate for which (a) one- “TF 
third of the water will spill out; and (b) the (a) 18 cm 


bottom center of the can willbe exposed. = = = f\ S—_A4L------ 


Solution: (a) One-third will spill out if the ae 
resulting paraboloid surface is 18 cm deep: 





_ QR? _ Q? (0.08 m? 


, solvefor Q? = 552, 
2g 2(9.81) 


h=0.18 m 


Q = 23.5 rad/s = 224 r/min Ans. (a) 
(b) The bottom is barely exposed if the paraboloid surface is 27 cm deep: 


E Q? (0.08 m)? 
2(9.81) 


h =0.27 m , solve for Q =28.8 rad/s = 275 r/min Ans. (b) 





P2.153 A cylindrical container, 14 inches in diameter, is used to make a mold for 
forming salad bowls. The bowls are to be 8 inches deep. The cylinder is half-filled with 
molten plastic, = 1.6 kg/(m-s), rotated steadily about the central axis, then cooled while 
rotating. What is the appropriate rotation rate, in r/min? 


Solution: The molten plastic viscosity is a red herring, ignore. The appropriate final 
rotating surface shape is a paraboloid of radius 7 inches and depth 8 inches. Thus, from 
Fig. 2.23, 


OR SINA 
28 2(32.2 ft/s”) 
rad 60 r 


Solve for Q = 11.2—— x — = 107 — Ans. 
sS 2m min 





8 
h = 8in = = 
in Tai 
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P2.154 A very tall 10-cm-diameter vase contains 1178 cm? of water. When spun steadily 
to achieve rigid-body rotation, a 4-cm-diameter dry spot appears at the bottom of the vase. 


What is the rotation rate, r/min, for this condition? 


Solution: It is interesting that the answer 
has nothing to do with the water density. 
The value of 1178 cubic centimeters was 


chosen to make the rest depth a nice number: 


b=1178cm? = z(5cm)?H , solve H = 15.0cm 


One way would be to integrate and find the volume Fig. 2.154 





of the shaded liquid in Fig. P2.154 in terms of vase 
radius R and dry-spot radius ro. That would yield the following formula: 


dv = a(R? -r )dz , but z=07r7/2¢ , hence dz = (Q?r/ g)dr 





R 2 R 2 2-2 4 
Thus v= f aR -rri gdr = E F Rr- yar = RR 
% g8 g 2 4.” 
2 4 2:2, 4 
R 
Finally: p = Æ (E -RT r) = Ooi 
g 4 2 4 
Solve for R= 0.05m, r,=0.02m : Q? =3336, Q =57.8 2 = 552 Ans, 
Ss min 


The formulas in the text, concerning the paraboloids of “air”, would, in the writer’s opinion, 


be difficult to apply because of the free surface extending below the bottom of the vase. 
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2.155 For what uniform rotation rate in 4 
r/min about axis C will the U-tube fluid in 
Fig. P2.155 take the position shown? The A 
fluid is mercury at 20°C. 20m i 
Solution: Let ho be the height of the | k 
free De at the centerline. Then, from pa 
Eq. (2.64), Fig. P2.155 

RÅ Rİ 

Zp =h, + By z,=h,+——*; Rg =0.05m and Ry =01m 
2g 2g 
2 
Subtract: — Zg = 0.08 m = 0.1)? — (0.05)"], 
a Za Zg 29.81) [(0.1)° —(0.05)"] 
solve Q=14.5 a6 — Ans. 
s min 


The fact that the fluid is mercury does not enter into this “kinematic” calculation. 





2.156 Suppose the U-tube of Prob. 2.151 
is rotated about axis DC. If the fluid is 
water at 122°F and atmospheric pressure is 
2116 psfa, at what rotation rate will the 
fluid begin to vaporize? At what point in 
the tube will this happen? 





<+—1 fh 
Solution: At 122°F = 50°C, from Tables A-1 and A-5, for water, p = 988 kg/m? (or 
1.917 slug/ft?) and pv = 12.34 kPa (or 258 psf). When spinning around DC, the free surface 
comes down from point A to a position below point D, as shown. Therefore the fluid 
pressure is lowest at point D (Ans.). With h as shown in the figure, 





Po = Pvap = 258 = Pam — Pgh = 2116 —1.917(32.2)h, h =Q?R?/2g) 


Solve for h ~ 30.1 ft (!) Thus the drawing is wildly distorted and the dashed line falls far 


below point C! (The solution is correct, however.) 


Solve for Q? =2(32.2)(30.D/(1 ft)? or: Q = 44 rad/s = 420 rev/min. Ans. 
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2.157 The 45° V-tube in Fig. P2.157 
contains water and is open at A and 
closed at C. (a) For what rigid-body 
rotation rate will the pressure be equal at 
points B and C? (b) For the condition of 
part (a), at what point in leg BC will the 
pressure be a minimum? 





Fig. P2.157 


Solution: (a) If pressures are equal at B and C, they must lie on a constant-pressure 
paraboloid surface as sketched in the figure. Taking zB = 0, we may use Eq. (2.64): 





2p2 2: 2 
pe S06 ti OO yei. O80 eS aps Ai) 
2g 2(9.81) s min 


(b) The minimum pressure in leg BC occurs where the highest paraboloid pressure 
contour is tangent to leg BC, as sketched in the figure. This family of paraboloids has the 
formula 


21.2 





Z=Z,+ =rtan45°, or: z,+3.333r?-r=0 fora pressure contour 


2g 
The minimum occurs when dz/dr=0, or r~0.15m_ Ans. (b) 


The minimum pressure occurs halfway between points B and C. 
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2.158* It is desired to make a 3-m- Z 
diameter parabolic telescope mirror by T 
rotating molten glass in rigid-body motion Focus 
until the desired shape is achieved and then irțor 

cooling the glass to a solid. The focus of A h=4m 
the mirror is to be 4 m from the mirror, i 


measured along the centerline. What is the 
proper mirror rotation rate, in rev/min? 


Solution: We have to review our math book, or a handbook, to recall that the focus F of a 
parabola is the point for which all points on the parabola are equidistant from both the 
focus and a so-called “directrix” line (which is one focal length below the mirror). 

For the focal length h and the z-r axes shown in the figure, the equation of the parabola is 
given by r? = 4hz, with h = 4 m for our example. 

Meanwhile the equation of the free-surface of the liquid is given by z= r QNg). 

Set these two equal to find the proper rotation rate: 





2n2 2 
poe ee or: o- -2811226 
2g 4h 2h 2(4) 
Thus Q=1.107 4 (=) =10.6 rev/min Ans. 
S mT 


The focal point F is far above the mirror itself. If we put in r = 1.5 m and calculate the 
mirror depth “L” shown in the figure, we get L ~ 14 centimeters. 





2.159 The three-legged manometer in 
Fig. P2.159 is filled with water to a depth 
of 20 cm. All tubes are long and have equal 
small diameters. If the system spins at 
angular velocity Q about the central tube, 
(a) derive a formula to find the change of 
height in the tubes; (b) find the height in 
cm in each tube if Q = 120 rev/min. [HINT: 
The central tube must supply water to both Fig. P2.159 
the outer legs.] 





Solution: (a) The free-surface during rotation is visualized as the dashed line in 
Fig. P2.159. The outer right and left legs experience an increase which is one-half that 
of the central leg, or AhO = AhC/2. The total displacement between outer and center 
menisci is, from Eq. (2.64) and Fig. 2.23, equal to Q7R?/(2g). The center meniscus 
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falls two-thirds of this amount and feeds the outer tubes, which each rise one-third of 
this amount above the rest position: 


2 p2 2 p2 
outer T L Ahoa = 2e Menter = =? Mg = ee Ans. (a) 
3 6g 3 3g 


For the particular case R = 10 cm and Q = 120 r/min = (120)(27/60) = 12.57 rad/s, we obtain 


Ah 


QPR? _ (12.57 rad/s)’ (0.1 m)* 
2g 2(9.81 m/s”) 
Aho = 0.027 m (up) Ah, ~-0.054m (down) Ans. (b) 





= 0.0805 m; 
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FUNDAMENTALS OF ENGINEERING EXAM PROBLEMS: Answers 


FE-2.1 A gage attached to a pressurized nitrogen tank reads a gage pressure of 28 inches 
of mercury. If atmospheric pressure is 14.4 psia, what is the absolute pressure in the tank? 
(a)95kPa (b)99kPa (c)101 kPa (d)194kPa (e)203 kPa 
FE-2.2 On a sea-level standard day, a pressure gage, moored below the surface of the 

ocean (SG = 1.025), reads an absolute pressure of 1.4 MPa. How deep is the instrument? 

(a)4m (b)129m (c) 133m (d) 140m (e)2080m 

FE-2.3 In Fig. FE-2.3, if the oil in region 
B has SG = 0.8 and the absolute pressure 
at point A is 1 atmosphere, what is the 
absolute pressure at point B? 

(a)5.6kPa (b)10.9kPa (c) 106.9 kPa 

(d) 112.2 kPa (e) 157.0 kPa 









Oi 


Fig. FE-2.3 
FE-2.4 In Fig. FE-2.3, if the oil in region B has SG = 0.8 and the absolute pressure at 
point B is 14 psia, what is the absolute pressure at point B? 

(a) 11 kPa (b)41 kPa (c)86kPa (d)91kPa (e) 101 kPa 


FE-2.5 A tank of water (SG = 1.0) has a gate in its vertical wall 5 m high and 3 m wide. 
The top edge of the gate is 2 m below the surface. What is the hydrostatic force on the gate? 
(a) 147kKN (b)367kKN (c)490kKN (d) 661 KN (e) 1028 kN 
FE-2.6 In Prob. FE-2.5 above, how far below the surface is the center of pressure of the 
hydrostatic force? 
(a)4.50m (b)5.46m (c)6.35m (d)5.33m (e)4.96m 
FE-2.7_ A solid 1-m-diameter sphere floats at the interface between water (SG = 1.0) and 
mercury (SG = 13.56) such that 40% is in the water. What is the specific gravity of the sphere? 
(a) 6.02 (b)7.28 (c) 7.78 (d) 8.54 (e) 12.56 
FE-2.8 A 5-m-diameter balloon contains helium at 125 kPa absolute and 15°C, moored 
in sea-level standard air. If the gas constant of helium is 2077 m/(s2-K) and balloon 
material weight is neglected, what is the net lifting force of the balloon? 
(a)67N (b)134N (c)522N (d)653N (ec) 787N 
FE-2.9 A square wooden (SG = 0.6) rod, 5 cm by 5 cm by 10 m long, floats vertically 
in water at 20°C when 6 kg of steel (SG = 7.84) are attached to the lower end. How high 
above the water surface does the wooden end of the rod protrude? 
(a)0.6m (b)16m (c)1.9m (d)2.4m (e)40m 
FE-2.10 A floating body will always be stable when its 
(a) CG is above the center of buoyancy (b) center of buoyancy is below the waterline 
(c) center of buoyancy is above its metacenter (d) metacenter is above the center of buoyancy 
(e) metacenter is above the CG 


Chapter 2 e Pressure Distribution in a Fluid 177 


COMPREHENSIVE PROBLEMS 


C2.1 Some manometers are constructed as in the figure at 
right, with one large reservoir and one small tube open to the 
atmosphere. We can then neglect movement of the reservoir 
level. If the reservoir is not large, its level will move, as in 
the figure. Tube height h is measured from the zero-pressure 
level, as shown. 

(a) Let the reservoir pressure be high, as in the Figure, so its level 
goes down. Write an exact Expression for plgage as a function 
of 

h, d, D, and gravity g. (b) Write an approximate expression for plgage, neglecting he 
movement of the reservoir. (c) Suppose h = 26 cm, pa = 101 kPa, and pm = 820 kg/m’. 
Estimate the ratio (D/d) required to keep the error in (b) less than 1.0% and also < 0.1%. 
Neglect surface tension. 





Solution: Let H be the downward movement of the reservoir. If we neglect air density, 
the pressure difference is p1 — pa = pmg(h + H). But volumes of liquid must balance: 


Z DH=Ž&dh, or H=(dIDPh 

4 4 

Then the pressure difference (exact except for air density) becomes 
Pi — Pa = Pigage = Pugh +d°/D?) Ans. (a) 

If we ignore the displacement H, then pligage = pmgh Ans. (b) 


(c) For the given numerical values, h = 26 cm and pm = 820 kg/m? are irrelevant, all that 
matters is the ratio d/D. That is, 


A -A E 
Error E = PPexact 7 OPapprox _ _(diby | 5» or: Did=J(-EVE 
APexact 1+ (d/D) 


For E=1% or 0.01, D/d=[(1 —0.01)/0.01]!2 >9.95 Ans. (c-1%) 
For E=0.1% or 0.001, D/d=[(1 — 0.001)/0.001]!2 > 31.6 Ans. (c-0.1%) 
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C2.2 A prankster has added oil, of specific gravity 
SGo, to the left leg of the manometer at right. 
Nevertheless, the U-tube is still to be used to measure the 
pressure in the air tank. (a) Find an expression for h as a 
function of H and other parameters in the problem. 

(b) Find the special case of your result when ptank = pa. 
(c) Suppose H = 5 cm, pa = 101.2 kPa, SGo = 0.85, and 
ptank is 1.82 kPa higher than pa. Calculate h in cm, 
ignoring surface tension and air density effects. 


Air tank: 
Prank 








Solution: Equate pressures at level i in the tube (the right hand water level): 
Pi = Pa + pgH + Pw th -H)= Prank» 
p=SG,p,, (ignore the column of air in the right leg) 
Solve for: h=?4—P« 4 H(-SG,) Ans. (a) 


PS 
If ptank = pa, then 


h=H(1-SG,) Ans. (b) 
(c) For the particular numerical values given above, the answer to (a) becomes 


_ 1820 Pa 
998(9.81) 


Note that this result is not affected by the actual value of atmospheric pressure. 





+ 0.05(1— 0.85) = 0.186 + 0.0075 = 0.193 m =19.3 cm Ans. (c) 





C2.3 Professor F. Dynamics, riding the merry-go-round with his son, has brought along 
his U-tube manometer. (You never know when a manometer might come in handy.) As 
shown in Fig. C2.3, the merry-go-round spins at constant angular velocity and the manometer 
legs are 7 cm apart. The manometer center is 5.8 m from the axis of rotation. Determine 
the height difference h in two ways: (a) approximately, by assuming rigid body 
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translation with a equal to the average manometer acceleration; and (b) exactly, using 
rigid-body rotation theory. How good is the approximation? 






L- Q = 6.0 rev/min 


| R = 5.8 m (to center of manometer) 


Center of i 
rotation 


Solution: (a) Approximate: The average acceleration of 
the manometer is Rave? = 5.8[6(27/60)]? = 2.29 rad/s N .* 0 
toward the center of rotation, as shown. Then 2 gw 


tan(@) = a/g = 2.29/9.81 = h/(7 cm) = 0.233 
Solve for h=1.63cm Ans. (a) 





g-a 
(b) Exact: The isobar in the figure at right would be on the parabola z = C + POP), 
where C is a constant. Apply this to the left leg (z1) and right leg (z2). As above, the 
rotation rate is O = 6.0*(27/60) = 0.6283 rad/s. Then 


2 2 

pi Oe Q 2 2) _ (0.6283) 
2g 2(9.81) 

=0.0163m Ans. (b) 


[(5.8 + 0.035)” — (5.8 —0.035)7] 





This is nearly identical to the approximate answer (a), because R >> Ar. 





C2.4 A student sneaks a glass of cola onto a roller coaster ride. The glass is cylindrical, 
twice as tall as it is wide, and filled to the brim. He wants to know what percent of the cola 
he should drink before the ride begins, so that none of it spills during the big drop, in which 
the roller coaster achieves 0.55-g acceleration at a 45° angle below the horizontal. Make the 
calculation for him, neglecting sloshing and assuming that the glass is vertical at all times. 


Solution: We have both horizontal and ver-tical acceleration. Thus the angle of tilt @ is 


a, _ 0.55gcos45° 


x 





tana = = 0.6364 


gta, = g — 0.55g sin 45° 
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Thus @ = 32.47°. The tilted surface strikes the centerline at Rtana = 0.6364R below the 
top. So the student should drink the cola until its rest position is 0.6364R below the top. 
The percentage drop in liquid level (and therefore liquid volume) is 


t — 






Tilted surface 


2D 


45 


a=0.55(9.81) 


% removed = osar =0.159 or. 15.9% Ans. 





C2.5 Dry adiabatic lapse rate is defined as DALR = -dT/dz when T and p vary 
isentropically. Assuming T = Cp*, where a = (y— 1)/y, y= cp/cv, (a) show that DALR = 
g(y— 1)/(yR), R = gas constant; and (b) calculate DALR for air in units of °C/km. 


Solution: Write T(p) in the form T/To = (p/po)* and differentiate: 


a-l 
—=T,a P ddp. But for the hydrostatic condition: Wa Pg 
Po) Po & dz 
Substitute = p/RT for an ideal gas, combine above, and rewrite: 
a-l a a 
aE iko af P| P g= a8 (=) P| . But: N =] (isentropic) 
dz Py \Po/ RT RA\T/\p, T\ Po 


Therefore, finally, 








-T o par=-8-0B8 Ans. @ 
dz R yR 
(b) Regardless of the actual air temperature and pressure, the DALR for air equals 
— 2 o o 
DALR = gat) aes EOL) 2 0.00977 LE 9.77 G Ans. (b) 


dz © 1.4(287m I’ PC) m km 
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C2.6 Use the approximate pressure-density relation for a “soft” liquid, 


dp=a’dp, or p=p,ta(p-p,) 


where a is the speed of sound and (Po, po) are the conditions at the liquid surface z = 0. 
Use this approximation to derive a formula for the density distribution p(z) and pressure 
distribution p(z) in a column of soft liquid. Then find the force F on a vertical wall of 
width b, extending from z = 0 down to z = —h, and compare with the incompressible 
result F = pogh?b/2. 


Solution: Introduce this p(p) relation into the hydrostatic relation (2.18) and integrate: 


gdz 


2? 


—gzla? 


Pp 2 
dp =a°dp = -y dz =- pgdz, or: f dg = -f or: p=pe Ans. 


Pp 9a 


Po 
assuming constant a?. Substitute into the p(p) relation to obtain the pressure distribution: 


2 
P= p, +a p, le -1] (1) 


Since p(z) increases with z at a greater than linear rate, the center of pressure will always 
be a little lower than predicted by linear theory (Eq. 2.44). Integrate Eq. (1) above, 
neglecting po, into the pressure force on a vertical plate extending from z = 0 to z = —h: 





-h 


=h 0 2 
F=- | pbdz= f a’p,(e™" —1)bdz=ba’p, e- 1)- n Ans. 
0 


In the limit of small depth change relative to the “softness” of the liquid, h«a’/g, this 
reduces to the linear formula F = poghb/2 by expanding the exponential into the first 
three terms of its series. For “hard” liquids, the difference in the two formulas is 
negligible. For example, for water (a ~ 1490 m/s) with h = 10 m and b = 1 m, the linear 
formula predicts F = 489500 N while the exponential formula predicts F = 489507 N. 
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C2.7 Venice, Italy is slowly sinking, 





so now, especially in winter, Storm - filled 
with air to floa 


plazas and walkways are flooded. 


The proposed solution is the floating 












levee of Fig. P2.7. When filled with air, Venice Adriatic Sea - 
Lagoon — 25 m deep in 
it rises to block off the sea. The levee is 24 m deep a strong storm 




















30 m high and 5 m wide. Assume a uniform 


density of 300 kg/m? when Wty ety ee eyo bs te ye 





floating. For the 1-meter l 





Sea-Lagoon difference shown, estimate the angle at which the levee floats. 


Solution: The writer thinks this problem is 

rather laborious. Assume Pgeawater = 1025 kg/m’. 
There are 4 forces: the hydrostatic force Fas on the 
Adriatic side, the hydrostatic force Fy, on the lagoon 
side, the weight W of the levee, and the buoyancy B 


of the submerged part of the levee. On the Adriatic 





side, 25/cos@ meters are submerged. On the lagoon side, 


24/cos @ meters are submerged. For buoyancy, average the two depths, (25+24)/2 = 24.5 m. 
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For weight, the whole length of 30 m is used. Compute the four forces per unit width 
into the paper (since this width b will cancel out of all moments): 


Fas = P8has Lsubmerged = (1025)0-8D(25/2)(25/ cos 0)= 3.142E6/ cos 0 
Fy, = p8ghyrLsubmerged = (1025)9.81)(24/2)(24/ cos 0) = 2.896E6/ cos 0 


W = PieveegL(leveewidth) = (300)(9.81)(30)(5) = 441500 N/m 


B = pL (leveewidth) = (1025)(9.81)(24.5)(5) = 1.232E6 N/m 


‘sub—average 


The hydrostatic forces have CP two-thirds of the way down the levee surfaces. The 
weight CG is in the center of the levee (15 m above the hinge). The buoyancy center is 
halfway down from the surface, or about (24.5)/2 m. The moments about the hinge are 





IM hinge = Fas EE p) +Wa5m)sind - Fy CESE m) Ba m)sin@ = 0 


where the forces are listed above and are not retyped here. Everything is known except 
the listing angle 6 (measured from the vertical). Some iteration is required, say, on 
Excel, or, for a good initial guess (about 0 = 15-30°), EES converges nicely to 

O = 23.1° Ans. 





C2.8 What is the uncertainty is using pressure measurement as an altimeter? A gage 
on the side of an airplane measures a local pressure of 54 kPa, with an uncertainty of 3 
kPa. The estimated lapse rate that day is 0.0070 K/m, with an uncertainty of 0.001 K/m. 
Effective sea-level temperature is 10°C, with an uncertainty of 4°C. Effective sea-level 
pressure is 100 kPa, with an uncertainty of 3 kPa. Estimate the airplane’s altitude and its 
uncertainty. 
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Solution: We are dealing with the troposphere pressure variation formula, Eq. (2.20): 


Dp _ BZ 9/RB 


T. 
Invert: z= ee r] 


oO oO oO 


To estimate the plane’s altitude, just insert the given data for pressure, temperature, etc.: 


z= 283K Fie 54kPa y(287)(0.0070)/981) 400m Ans. 
0.0070K /m 100kPa 


To evaluate the overall uncertainty in z, we have to compute four derivatives: 


oz 
Op 


OZ 2 
Sp) 4 6T,)° 4 
Po) Or o) +¢ 


oO 


oz sB}? 
oB 





52 = es py? +( 
Op 


oO 


where we are given dp = 3 kPa, dp, = 3 kPa, oT, = 4°C, and 6B = 0.001. Typing out 
those four derivatives is a nightmare for the writer, so we will just give the four results: 


2 Sp A 6p S218 6T, =68m ; Č 8B =42m 
Op Po oT, ôB 


whence Sz ~ [(404m)* + (218m)? + (68m)? + (42m)? ]!? = 466m Ans. 





The overall uncertainty is about +10%. The largest effect is the 5.6% uncertainty in 
pressure, p, which has a strong effect on the altitude formula. 





C2.9 The deep submersible vehicle ALVIN in the chapter-opener photo has a hollow 
titanium sphere of inside diameter 78.08 inches and thickness 1.93 in. If the vehicle is 
submerged to a depth of 3,850 m in the ocean, estimate (a) the water pressure outside the 
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sphere; (b) the maximum elastic stress in the sphere, in lbf/in?; and (c) the factor of safety 
of the titanium alloy (6% aluminum, 4% vanadium). 


Solution: This problem requires you to know (or read about) some solid mechanics! 
(a) The hydrostatic (gage) pressure outside the submerged sphere would be 


Pwater® Pwater Zh = (1025kg/m>)(9.81m/s*)(3850m) ~ 3.87E7 Pa = 5600 Psi 


If we corrected for water compressibility, the result would increase by the small amount 
of 0.9%, giving as final estimate of Pwater = 3.90E7 Pa ~ 5665 Ibf/in’. Ans.(a) 


(b) From any textbook on elasticity or strength of materials, the maximum elastic stress 
in a hollow sphere under external pressure is compression and occurs at the inside 
surface. If a is the inside radius (39.04 in) and b the outside radius, 39.04+1.93in = 40.97 
in, the formula for maximum stress is 


b’? 40.97 in)? 
e B0 
Xb -a` ) 2(40.97° — 39.04”) 
Various references found by the writer give the ultimate tensile strength of titanium alloys as 
130,000 to 160,000 psi. Thus the factor of safety, based on tensile strength, is approximately 


O max = Pwater 


= 4.34E8 Pa ~ 63,000psi Ans.(b) 


2.1 to 2.5. Ans.(c) 


NOTE: For titanium, the ultimate compressive strength should be similar to the tensile 
strength. FURTHER NOTE: It is better to base the factor of safety on yield strength. 





Chapter 3 ° Integral Relations 


for a Control Volume 


P3.1 Discuss Newton’s second law (the linear momentum relation) in these three forms: 


d d 
EF=ma ZF =— (mV) zee dl f voa) 


system 


Solution: These questions are just to get the students thinking about the basic laws of 
mechanics. They are valid and equivalent for constant-mass systems, and we can make 
use of all of them in certain fluids problems, e.g. the #1 form for small elements, #2 form 
for rocket propulsion, but the #3 form is control-volume related and thus the most 
popular in this chapter. 





P3.2 Consider the angular-momentum relation in the form 


Mo -4 i vei] 


system 


What does r mean in this relation? Is this relation valid in both solid and fluid 
mechanics? Is it related to the Jinear-momentum equation (Prob. 3.1)? In what manner? 


Solution: These questions are just to get the students thinking about angular 
momentum versus linear momentum. One might forget that r is the position vector from 
the moment-center O to the elements 9 dv where momentum is being summed. Perhaps 
ro is a better notation. 





P3.3 For steady laminar flow through a long tube (see Prob. 1.12), the axial velocity 
distribution is given by u = C(R? — r°), where R is the tube outer radius and C is a 
constant. Integrate u(r) to find the total volume flow Q through the tube. 


Solution: The area element for this axisymmetric flow is dA = 2zr dr. From Eq. (3.7), 


R 
Q =| udA =| C(R? -r)2ar dr = CR‘ Ans. 
0 
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P3.4 A fire hose has a 5-inch inside diameter and is flowing at 600 gal/min. The flow 
exits through a nozzle contraction at a diameter Dy. For steady flow, what should Dy be, 
in inches, to create an exit velocity of 25 m/s? 


Solution: This is a straightforward one-dimensional steady-flow continuity problem. 
Some unit conversions are needed: 

600 gal/min = 1.337 ft/s; 25 m/s = 82.02 ft/s ; 5 inches = 0.4167 ft 
The hose diameter (5 in) would establish a hose average velocity of 9.8 ft/s, but we don’t 
really need this. Go directly to the volume flow: 


3 
Oe 1331 Se Zpi@2.04 
S 


S 


)? ; Solve for D, = 0.144 ft =1.73in Ans. 





P3.5 Water at 20°C flows through a 5-inch-diameter smooth pipe at a high 
Reynolds number, for which the velocity profile is given by u ~ U,(/R)"®, where U, is 
the centerline velocity, R is the pipe radius, and y is the distance measured from the wall 
toward the centerline. If the centerline velocity is 25 ft/s, estimate the volume flow rate in 
gallons per minute. 


Solution: The formula for average velocity in this power-law case was given in Example 
3.4: 


2 = 0.837U, = 0.837(25) = 20.92 fi 


Vav U, “hs 6 Ei, 
(l+m)(2+m) (1+1/8)(2 +1/8) s 





3 
Thus Q =V, Apipe = (20.924) 223 fy? = 2.85f x 1280 $L Ans. 
sS 12 sS min 
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flow Q issuing from the slot; then take the 
P3.6 When a gravity-driven liquid jet limit of your result if L<<h. 
issues from a slot in a tank, as in Fig. P3.6, 
an approximation for the exit velocity 
distribution is u~./2g(h—z), where h is 
the depth of the jet centerline. Near the 
slot, the jet is horizontal, two-dimensional, 
and of thickness 2L, as shown. Find a 
general expression for the total volume 





Fig. P3.6 


Solution: Let the slot width be b into the paper. Then the volume flow from Eq. (3.7) is 


+L 
Q= f udA = f [2e(h—z)]’*bdz = = VQ2g)[(h+L)y? -(h-L)*”] Ans. 


-L 


In the limit of L<<h, this formula reduces to Q-#(2Lb),/(gh) Ans. 





P3.7 A spherical tank, of diameter 35 cm, is leaking air through a 5-mm-diameter hole 
in its side. The air exits the hole at 360 m/s and a density of 2.5 kg/m’. Assuming 
uniform mixing, (a) find a formula for the rate of change of average density in the tank; 
and (b) calculate a numerical value for (dp/dt) in the tank for the given data. 


Solution: Ifthe control volume surrounds the tank and cuts through the exit flow, 


dm d ; d 
dt | system =0= q Prank Prank ) + Mou = Vtank oy Pian) + (PAV) out 
d A 
solvet “2.42 a Ans.(a) 
dt Utank 


(b) For the given data, we calculate 
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3 2 3 
dP tank (2.5kg/m ee ](360m/ s) 0.79 kg/m Ans-(b) 
dt (x /6)(0.35m) s 

P3.8 Three pipes steadily deliver water at z 
20°C to a large exit pipe in Fig. P3.8. The ~ D= Ecm 
velocity V2 5 5 m/s, and the exit flow rate D,=5 a 

4 =120 m°/h. Find (a) V1; (b) V3; and — 
Q (a) (b) , 


(c) V4 if it is known that increasing Q3 by > 


0, i 0, 
20% would increase Q4 by 10%. go T o 
a D,=4cm 


Solution: (a) For steady flow we have 
Q1 + Q2 + Q3 = Q4, or Fig. P3.8 


VA + VA, +V3A3 = ViAy (1) 
Since 0.2Q3 = 0.1Q4, and Q4 = (120 m?/h)(1 bh/3600 s) = 0.0333 m?/s, 


_ Q, _ (0.0333 m°/s) 


f= =5.89 m/s Ans. (b) 
2A, E (0.062) 


Substituting into (1), 





V, (zow i ofzoo i (5.89)( © (006° =0.0333 V,=5.45m/s_ Ans. (a) 


From mass conservation, Q4 = V4A4 


(0.0333 m?/s)= V,()(0.06° V4. - V4 =5.24m/s_ Ans. (c) 
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P3.9 A laboratory test tank contains aera pne qC.V. 
seawater of salinity S and density p. Water 
enters the tank at conditions ($1, p1, A1, 
V1) and is assumed to mix immediately in 
the tank. Tank water leaves through an 
outlet A2 at velocity V2. If salt is a 
“conservative” property (neither created low ane nen 
nor destroyed), use the Reynolds transport 

theorem to find an expression for the rate 

of change of salt mass Msalt within the 

tank. 





p., S 
Salt mass: 
M 






S 





Solution: By definition, salinity S = psalt/p. Since salt is a “conservative” substance 
(not consumed or created in this problem), the appropriate control volume relation is 








dM,, . 
dt r system 7 aff Ps wes, -Sm =0 
or: T, =S,p,A,V,-SpA,V, Ans. 








3.10 Water flowing through an 8-cm-diameter pipe enters a porous section, as in 
Fig. P3.10, which allows a uniform radial velocity vw through the wall surfaces for a 
distance of 1.2 m. If the entrance average velocity V1 is 12 m/s, find the exit velocity 
V2 if (a) vw = 15 cm/s out of the pipe walls; (b) vw = 10 cm/s into the pipe. (c) What 
value of vw will make V2 = 9 m/s? 





Vi fe ; V 
Trossen sinnn 2 
k— 12m —J eia 
Fig. P3.10 


Solution: (a) For a suction velocity of vw = 0.15 m/s, and a cylindrical suction surface 
area, 


A„ =27(0.04)(1.2) = 0.3016 m? 
Q; = Qw T Q, 
(12)(2)(0.087 /4 = (0.15)(0.3016) + V,(z)(0.08° 4. V,=3m/s Ans. (a) 
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(b) For an injection velocity into the pipe, vw = 0.10 m/s, Q; + Qy = Q3, or: 
(12)(7)(0.08 /4 + (0.10)(0.3016) = V,(z)(0.087/4. V, =18m/s Ans. (b) 


(c) Setting the outflow V2 to 9 m/s, the wall suction velocity is, 
(12)(7)(0.087 )/4 = (v,, (0.3016) + (9)(7)(0.087/4. sv, = 0.05 m/s = 5 cm/s out 





P3.11 The inlet section of a vacuum cleaner is a rectangle, 1 inch by 5 inches. The 
blower is able to provide suction at 25 cubic feet per minute. (a) What is the average 
velocity at the inlet, in m/s? (b) If conditions are sea level standard, what is the mass flow 
of air, in kg/s? 


Solution: (a) Convert 25 ft*/min to 25/60 = 0.417 ft/s. Then the inlet velocity is 





Vintet = 


3 
Q UT 2 og! x038 = 3.66  Ans(a) 
Amei (1/12 ftX5/12 ft) s f s 


(b) At sea level, Pair = 1.2255 kg/m’. Convert 25 ft?/min to 0.0118 m°/s. Then 


3 
fhair = Pain Q = (1.2255 = \(0.01187>) = 0.0145 8 
m 


S S 





Ans.(b) 


P3.12 The pipe flow in Fig. P3.12 fills a cylindrical tank as shown. At time t = 0, the water 
depth in the tank is 30 cm. Estimate the time required to fill the remainder of the tank. 


D=75 0 ae 
lm 
~ | 


eee eee ae Cy naan ar a Seer y ee Ta 
V, =2.5 m/s Rg- 12 cm V2 = 1.9 m/s 


Fig. P3.12 


182 Solutions Manual e Fluid Mechanics, Fifth Edition 

Solution: For a control volume enclosing the tank and the portion of the pipe below the tank, 
d : s 
el pav] F Mout — Min = 0 


paR? (DAV) ay -(PAV), =0 


Ge. 5 Ase 
dt 998()(0.75*) 
At = 0.7/0.0153 =46 s Ans. 


999( £0.12 \(2.5 -19)| = 0.0153 mls, 
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P3.13 The cylindrical container in Fig. P3.13 

is 20 cm in diameter and has a conical contraction 
at the bottom with an exit hole 3 cm in diameter. 
The tank contains fresh water at standard sea-level 


conditions. Ifthe water surface is falling at the 


nearly steady rate dh/dt ~ —0.072 m/s, estimate the 
average velocity V from the bottom exit. 





Solution: We could simply note that dh/dt is the same as the water velocity at the surface 
and use Q; = Qo, or, more instructive, approach it as a control volume problem. Let the 
control volume encompass the entire container. Then the mass relation is 











dm d : d m T 
Felsen =0= pC Pdo) + thou = Ufe tPF D? 1+ PF Da, 
A 9) dh T 2 T D 2 dh 
or: p—D* — + p—D>.,,V=0 Cancel p—: V = (——)*(-— 
PI? u geat PA On ( rr 
Introduce the data: V = (2-0072) = 32™ Ans. 
3cm S s 





P3.14 The open tank in the figure 3 
contains water at 20°C. For a) | Qs=0.01m’/s 


incompressible flow, (a) derive an a) Q) 

analytic expression for dh/dt in terms of > h 

(Q1, Q2, Q3). (b) If h is constant, D\=5cm oe 
= 


determine V2 for the given data if V1 = 3 
m/s and Q3 = 0.01 m/s. 
Solution: For a control volume enclosing the tank, 


md? dh 
4 dt 





d 
a | pav]+ po Q, -9,)= p + p(Q, -0 -0;), 
t CV 
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dh_ Q: +Q; -Q, 


Ans. 
dt (d7/4) ne) 


solve 
If h is constant, then 
Q, =O, +0, =0.01 +7 0-0560) =0.0159 = 4 (0.07) Vs, 


solve V,=4.13m/s_ Ans. (b) 





P3.15 Water flows steadily through the round pipe in the figure. The entrance velocity is 
Vo. The exit velocity approximates turbulent flow, u=umax(1 — r/R)! 7 Determine the ratio 
Uo/umax for this incompressible flow. 


Solution: Inlet and outlet flow must balance: 





R R 1⁄7 
Qi =Q, OF: [ude dr=[ am 1-5] 2ar dr, or: U tR =u 
0 0 


max zee R? 
60 
Cancel and rearrange for this assumed incompressible pipe flow: 
U, _ 49 


— Ans. 
u 


~ 60 


o 





max 





P3.16 An incompressible fluid flows past 
an impermeable flat plate, as in Fig. P3.16, 
with a uniform inlet profile u = Uo and a 
cubic polynomial exit profile 


3 Ey 7 olid plate, width b into paper 
uxu e] where 7) == Solid plate, width b into paps 











Fig. P3.16 


Compute the volume flow Q across the top surface of the control volume. 
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Solution: For the given control volume and incompressible flow, we obtain 


[3y yx ) ° 
Ce 8] Oobay 





ô 
0= Giss + Qright Qhert = Q t f U 
0 


=Q+ŽU,bő-U,bð, solve for Q==U,b6 Ans. 





P3.17 Incompressible steady flow in the 
inlet between parallel plates in Fig. P3.17 is 
uniform, u = Uo = 8 cm/s, while 
downstream the flow develops into the 
parabolic laminar profile u = az(zo — z), 
where a is a constant. If zo = 4 cm and the 
fluid is SAE 30 oil at 20°C, what is the value 
of umax in cm/s? 





Solution: Let b be the plate width into the paper. Let the control volume enclose the 
inlet and outlet. The walls are solid, so no flow through the wall. For incompressible flow, 
0=Qou-Qin = J az(z, -z)bdz—| U,bdz=abz3/6-U,bz, =0, or: a=6U,/z, 

0 0 


Thus continuity forces the constant a to have a particular value. Meanwhile, a is also 
related to the maximum velocity, which occurs at the center of the parabolic profile: 


Atz=Z,/2: U=Uny = af iG - ) = az?/4 =(6U,/22)(z2/4) 





or: u = 50, =$(6 cms) =12 Ans. 
sS 


max 
2 


Note that the result is independent of zo or of the particular fluid, which is SAE 30 oil. 





P3.18 An incompressible fluid flows steadily through the rectangular duct in the figure. 
The exit velocity profile is given by u ~ umax(1 — yb (1 -~2Ih ). (a) Does this profile 
satisfy the correct boundary conditions for viscous fluid flow? (b) Find an analytical 
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expression for the volume flow Q at the exit. (c) If the inlet flow is 300 ft/min, estimate 


umax in m/s. 
INLET 


EXIT x, u 


Solution: (a) The fluid should not slip at any of the duct surfaces, which are defined by 
y = żb and z = żh. From our formula, we see u = 0 at all duct surfaces, OK. Ans. (a) 
(b) The exit volume flow Q is defined by the integral of u over the exit plane area: 


o=ffuda=] | umfi zi 2) ay dota 2%) 
=h- 
= L6bhu max 


max Ans. b 
5 ns. (b) 





(c) Given Q = 300 ft?/min = 0.1416 m/s and b = h = 10 cm, the maximum exit velocity is 


3 
0=0.1416 ™ = Ko m)(0.1 Muna solve for Upay =7.96 m/s Ans. (c) 
S 





P3.19 Water from a storm drain flows over an outfall onto a porous bed which absorbs 
the water at a uniform vertical velocity of 8 mm/s, as shown in Fig. P3.19. The system is 5 
m deep into the paper. Find the length L of bed which will completely absorb the storm 
water. 


Initial depth = 40 cm 
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Solution: For the bed to completely absorb the water, the flow rate over the outfall 
must equal that into the porous bed, 


Q, =Qpp; or (2 m/s)(0.2 m)(5 m) =(0.008 m/s)(5m)L Le50m Ans. 





P3.20 Oil (SG-0.91) enters the thrust 
bearing at 250 N/hr and exits radially 
through the narrow clearance between 
thrust plates. Compute (a) the outlet 
volume flow in mL/s, and (b) the average 
outlet velocity in cm/s. 





Solution: The specific weight of the oil is 
(0.91)(9790) = 8909 N/m?. Then 


250/3600 N/s s m? mL 
=Q, =——— _=7.8x10° —=7.8 — Ans. (a 
Q2 =Q = -909 N/m? s s (@) 


But also Q, =V, (0.1 m)(0.002 m)=7.8x10~, solve for V, =1.24 ©" Ans. (b) 
sS 


P3.21 For the two-port tank in Fig. E3.5, let the dimensions remain the same, but assume 
V, =3 ft/s and that V; is unknown. If the water surface is rising at a rate of 1 in/s, (a) 
determine the average velocity at section 1. (b) Is the flow at section 1 in or out? 


Solution: Simply modify the calculations of Ex. 3.5 to match the new data. Assuming the 
water density is constant, the mass balance reduces to a set of volume flows: 


dh m 1 2 _# 3 2 ft 2 1 ft 
go pO ntaa P OEN 








AV + AV, = A, 


3 3 
(0.00545 fi )V, + (0.1473) = (0.1667) Solve for V, = 3.564 (flow in) Ans. 
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P3.22 The converging-diverging nozzle shown in Fig. P3.22 expands and accelerates 
dry air to supersonic speeds at the exit, where p2 = 8 kPa and T2 = 240 K. At the throat, 
p1 = 284 kPa, T1 = 665 K, and V1 = 517 m/s. For steady compressible flow of an ideal gas, 
estimate (a) the mass flow in kg/h, (b) the velocity V2, and (c) the Mach number Ma2. 


Dy =2.5cm 


Fig. P3.22 


Solution: The mass flow is given by the throat conditions: 


284000 kg 


g Zoo m? (517 ™) 0.0604 ke Ans. (a) 
(287)(665) m° | 4 s s 


m= pA,V, = | 
For steady flow, this must equal the mass flow at the exit: 


0.0604 *8 = p,A,v, -| 3090 | 
S 


1 7 m 
8000 (Z (0.025)°V,,. or V, =1060 ™ Ans. (b 
2870240) [4 (0-079) V2 2 oo 


4 
Recall from Eq. (1.39) that the speed of sound of an ideal gas = (KRT)! 2 Then 


1060 


Mach number at exit: Ma = V,/a, =—————___|_ 
[1.4(287)(240)] 


=3.41 Ans. (c) 





P3.23 The hypodermic needle in the figure contains a liquid (SG = 1.05). If the serum 
is to be injected steadily at 6 cm?/s, how fast should the plunger be advanced (a) if 
leakage in the plunger clearance is neglected; and (b) if leakage is 10 percent of the 
needle flow? 
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Dy = 0.030 in 


— v, 


Solution: (a) For incompressible flow, the volume flow is the same at piston and exit: 


3 3 
Q=6  =0366 “ =AV,= 4 (0.75 in? V, solve V 
S S 


in 
piston = 0.83 Sai Ans. (a) 
(b) If there is 10% leakage, the piston must deliver both needle flow and leakage: 


3 - 3 
AV, = Qneedle t Q icaranez =6+0. 1(6) =6.6 a = 0.403 m = ‘i (0.75)'V,, 
Ss S 





v, =0.91 ©™ Ans. (b) 
S 





P3.24 Water enters the bottom of the cone in the figure at a uniformly increasing 
average velocity V = Kt. If d is very small, derive an analytic formula for the water 
surface rise h(t), assuming h = 0 at t= 0. 


Solution: For a control volume around the cone, the mass relation becomes 


De 
i 


d . _, d| 2 2 x 2 
A pdv) = rin, =0= 4) pZ (nano) h|-paa Kt 





dt 


Integrate: ps i tan?0 = Pe a’ Kt 


13 
Solve for h(t)= [ikea Ans. 
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P3.25 As will be discussed in Chaps. 7 and 8, the flow of a stream Uo past a blunt flat 
plate creates a broad low-velocity wake behind the plate. A simple model is given in 
Fig. P3.25, with only half of the flow shown due to symmetry. The velocity profile 
behind the plate is idealized as “dead air” (near-zero velocity) behind the plate, plus a higher 
velocity, decaying vertically above the wake according to the variation u ~ Uo + Ave“, where 
Lis the plate height and z = 0 is the top of the wake. Find AU as a function of stream speed Uo. 








— L Dead air (negligible velocity) 
ae 2 
pein Hed ee Qe E 
Fig. P3.25 


Solution: For a control volume enclosing the upper half of the plate and the section 
where the exponential profile applies, extending upward to a large distance H such that 
exp(—H/L) ~ 0, we must have inlet and outlet volume flows the same: 


H H 
Qa = Í U, dz = Qu = Í (U,+AUe™*")dz, or: U, (a +S) =U,H+AUL 
-L/2 0 


Cancel U,H and solve for AU ~ iu, Ans. 





P3.26 A thin layer of liquid, draining 
from an inclined plane, as in the figure, 
will have a laminar velocity profile u = 
Uo(2y/h — Yh, where Uo is the surface 
velocity. If the plane has width b into the 
paper, (a) deter-mine the volume rate of 
flow of the film. (b) Suppose that h = 0.5 
in and the flow rate per foot of channel 
width is 1.25 gal/min. Estimate Uo in ft/s. 





Solution: (a) The total volume flow is computed by integration over the flow area: 





h 2. 
2y 2 
o-[ya-fu,{ 2 1 |bay= bn Ans. (a) 
0 
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(b) Evaluate the above expression for the given data: 


3 
o=125 -0.002785 -= 2u, bntun a0 | F f), 
min sg 3 12 


solve for U, =0.10 i Ans. (b) 
\ s 





P3.27 Consider a highly pressurized air tank at conditions (Po, Qo, To) and volume vo. 
In Chap. 9 we will learn that, if the tank is allowed to exhaust to the atmosphere through 
a well-designed converging nozzle of exit area A, the outgoing mass flow rate will be 

& po A 


m= — , where a ~ 0.685 for air 
RT. 


oO 


This rate persists as long as po is at least twice as large as the atmospheric pressure. 
Assuming constant T, and an ideal gas, (a) derive a formula for the change of density o(t) 
within the tank. (b) Analyze the time Art required for the density to decrease by 25%. 


Solution: First convert the formula to reflect tank density instead of pressure: 


A RT,)A 
fin ee. Poa o ARDA e ae 
RT, RT, 


o 





(a) Now apply a mass balance to a control volume surrounding the tank: 








dm d ; dp 
dt | system =0= dt (2o80) + Moy = Vo a + ap, ART, 

. dpo 
Separate variables: —° = — a@A,/RT, dt 

Po 
— AA, RT, 
Integrate from state1 to state 2 : Por exp| ———*(t, -4)]_— Ans.(a) 
Pol Yo 


(b) If the density drops by 25%, then we compute 


aA. |RT, 0.288 
a’? (ty -1;) = —In(0.75) = 0.288; Thus At = 22o —Ans.(b) 


Vo aA,|RT, 





P3.28 Air, assumed to be a perfect gas from Table A.4, flows through a long, 2-cm- 
diameter insulated tube. At section 1, the pressure is 1.1 MPa and the temperature is 345 K. 
At section 2, 67 meters further downstream, the density is 1.34 kg/m’, the temperature 298 K, 
and the Mach number is 0.90. For one-dimensional flow, calculate (a) the mass flow; (b) p2; 
(c) V2; and (d) the change in entropy between 1 and 2. (e) How do you explain the entropy 
change? 


Solution: For air, k = 1.40 and R = 287 m’/s’-K, hence cp = KRk-1) = 1005 m’/s’-K. (a, 
c) We have enough information at section 2 to calculate the velocity, hence the mass flow: 


dy = [kRT> = f1.4(287)(298K) = Na thus V, = Ma, a = (0.9)(346) = 317 Ans.(c) 


Then m = Py A, Vy = (1. 34 aly (0.02m)? Bu) = = 0.131 — ‘e Ans.(a) 
(b) The pressure at section 2 follows from the perfect gas law: 


Py = Py RT, =(I. 345 PORT p C98K) =115, 0005 = 115,000 Pa Ans.(b) 


(d) For a perfect gas with constant specific heats, the entropy change is 


298K 115kPa 
s2551 = cp MG) = RICP = (1005) In TEE) ~ CBDING Gog) 


= -147 -(-648) = +501 i Ans.(d) 
kg -—K 
(e) The entropy has increased, yet there is no heat transfer (insulated pipe). The answer is 
irreversibility. Friction in the long pipe has caused viscous dissipation in the fluid. 
NOTE: These numbers are not just made up. They represent a typical case of 


compressible flow of air in a long pipe with friction, to be studied in Chapter 9. 
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P3.29 In elementary compressible-flow 
theory (Chap. 9), compressed air will exhaust 
from a small hole in a tank at the mass flow po ------------- S 
rate mx% Cp, where p is the air density in the i 
tank and C is a constant. If po is the initial ' 
density in a tank of volume v, derive a formula ! 
1 
1 
I 







ge 


Volume v 
for the density change p(t) after the hole is 
opened. Apply your formula to the following 
case: a spherical tank of diameter 50 cm, with 
initial pressure 300 kPa and temperature 
100°C, and a hole whose initial exhaust rate is 
0.01 kg/s. Find the time required for the tank 
density to drop by 50 percent. 


Density P (t) 


Solution: For a control volume enclosing the tank and the exit jet, we obtain 


0= all pav) +M Or: ve = -thu =-Cp, 


p t 
or: p dt, or: 2 wepl -Se Ans. 
P vo Po y 


Now apply this formula to the given data. If po = 300 kPa and To = 100°C = 373°K, 
then (o = p/RT = (300,000)/[287(373)] * 2.80 kg/m, This establishes the constant “C”: 


Po 


3 
h, =Cp, =0.01 2 c{2.80 z) or C=0.00357 © for this hole. 
s m s 
The tank volume is v = (2/6)D* = (/6)(0.5 my’ ~ 0.00654 m?. Then we require 


_ 0.00357 
0.00654 





pip, =05= 0x0] ( if tx1.3s Ans. 





P3.30 A hollow conical container, standing point-down, is 1.2 m high and has a 
total included cone angle of 80°. It is being filled with water from a hose at 50 
gallons per minute. How long will it take to fill the cone? 
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Solution: The control volume, of course, surrounds 
the cone with one inlet, no exits. We don’t need any 
complicated integral mass relations, for the flow 
rate is known, as is the cone volume. The radius 

of the upper “base” of the cone is 





12 gal/min 


R = h tan(40°) = (1.2 m)(0.839) = 1.007 m 


The volume of the cone is 


v= ae h =% (1.007m)? (1.2m) = 3.82m3 «264.2 8% = 1010 gal 
m 


Clearly, then, the time to fill the cone is (1010 gal)/(SOgal/min) = 20.2 minutes. Ans. 





P3.31 A bellows may be modeled as a 
deforming wedge-shaped volume as in 
Fig. P3.31. The check valve on the left 
(pleated) end is closed during the stroke. 
If b is the bellows width into the paper, 
derive an expression for outlet mass flow 
m, as a function of stroke 7). 





Solution: For a control volume enclosing - 
the bellows and the outlet flow, we obtain Fig. P3.31 


< (pe) +th,, =0, where v=bhL =bL’ tang 


o 


since L is constant, solve for m, = -2e pbL’ tan) = —pbL? sectg ŠE Ans. 





Chapter 3 e Integral Relations for a Control Volume 195 


P3.32 Water at 20°C flows through the 
piping junction in the figure, entering section 
1 at 20 gal/min. The average velocity at 
section 2 is 2.5 m/s. A portion of the flow is 
diverted through the showerhead, which 
contains 100 holes of l-mm diameter. 
Assuming uniform shower flow, estimate the 
exit velocity from the showerhead jets. 





Solution: A control volume around sections (1, 2, 3) yields 
Q; =Q, +Q; =20 gal/min = 0.001262 m°/s. 


Meanwhile, with V2 = 2.5 m/s known, we can calculate Q2 and then Q3: 
3 
Q, = V,A =(2.5 m) 7 (0.02 m)? = 0.000785 —, 
s 


3 
hence Q, =Q, -Q = 0.001262 — 0.000785 = 0.000476 ™— 
S 
m? mT 
Each hole carries Q,/100 = 0.00000476 — = ae 17 V, 
S 


et’ 


jet 


solve V., =6.06 a Ans. 
s 





P3.33 In some wind tunnels the test section is perforated to suck out fluid and provide a 
thin viscous boundary layer. The test section wall in Fig. P3.33 contains 1200 holes of 5- 
mm diameter each per square meter of wall area. The suction velocity through each hole is 
Vr = 8 m/s, and the test-section entrance velocity is V1 = 35 m/s. Assuming incompressible 
steady flow of air at 20°C, compute (a) Vo, (b) V2, and (c) Vf, in m/s. 


Test section 
D,=0.8m 
| Uniform suction 


Lay A B28 


~~ Vv, ——4 1Vji me Vo 











Solution: The test section wall area is (z)(0.8 m)(4 m) = 10.053 m, hence the total 
number of holes is (1200)(10.053) = 12064 holes. The total suction flow leaving is 


Qsuction = NQhote = (12064)(7/4)(0.005 m)? (8 m/s) = 1.895 m?/s 
(a) Find V: Q,=Q; or V, TOS = (35) (08), 


o 


solve for V, =3.58 ™ Ans. (a) 
sS 





©) Qz = Qi = Qsueion = (35) (0.8)? -1.895 = V, (0.8), 
or: V, =31.2 © Ans. (b) 
sS 
(c) Find Ve: Q=Q, or V, 7 (2.2) = G12) 8), 


solve for V;, ~ 4.13 M Ans. (c) 
s 
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P3.34 A rocket motor is operating | 

steadily, as shown in Fig. P3.34. The Qe ee 

products of combustion flowing out the © 
exhaust nozzle approximate a perfect gas ae. eat 


1 
with a molecular weight of 28. For the pa !— 


given conditions calculate V2 in ft/s. n 100" 
D,=55in 

Solution: Exit gas: Molecular weight = Q) |! Liquid fuet 

28, thus Rgas = 49700/28 = 1775 ft7/(s”-°R). a 

Then, Fig. P3.34 





Pars =D Pf 0.000780 slug/ft? 
STRT  (1775)(1100 +460) 


For mass conservation, the exit mass flow must equal fuel + oxygen entering = 0.6 slug/s: 











2 

; I 5.5 

haa =0.6 v8 = p.A.V, = 0.000787 ( 35) V, solve for V, =4660 Ë Ans. 

s 
P3.35 In contrast to the liquid rocket in Propellant 
Fig. P3.34, the solid-propellant rocket in mT rN Pai ston 
Fig. P3.35 is self-contained and has no oer po n 
entrance ducts. Using a control-volume nen ue SS IER 
analysis for the conditions shown in ia We oe 
Fig. P3.35 


Fig. P3.35, compute the rate of mass loss 
of the propellant, assuming that the exit gas 
has a molecular weight of 28. 


Solution: With M = 28, R = 8313/28 =297 m*/(s”-K), hence the exit gas density is 


Pig SoD 0000 Pa O Aok? 
RT (297)(750 K) 


For a control volume enclosing the rocket engine and the outlet flow, we obtain 


d : 
‘dt (mey ) +Mou = 0, 


or: = (gpa) = thes, = —PAcV, =—(0.404)(7/4)(0.18)2(1150) ~-11.8 ŽE Ans. 
sS 





P3.36 The jet pump in Fig. P3.36 injects water at U1 = 40 m/s through a 3-in pipe and 
entrains a secondary flow of water U2 = 3 m/s in the annular region around the small pipe. 
The two flows become fully mixed down-stream, where U3 is approximately constant. For 
steady incompressible flow, compute U3 in m/s. 





Solution: First modify the units: D1 = 3 in = 0.0762 m, D2 = 10 in = 0.254 m. For 
incompressible flow, the volume flows at inlet and exit must match: 


Q,+Q, =Q;, or: + (0.0762)°(40) + 710.2547 —(0.0762)"|(3) = 4 (0.2547 U; 


Solve for U, +633 m/s Ans. 





P3.37 Ifthe rectangular tank full of water, in 
Fig. P3.37, has its right-hand wall lowered by 
an amount ô, as shown, water will flow out as 


it would over a weir or dam. In Prob. P1.14 we 





deduced that the outflow Q would be given by 


+— L—> 


— 1/2 «3/2 
Q = Cbg “ô Fig. P3.37 


where b is the tank width into the paper, g is the acceleration of gravity, and C is a 
dimensionless constant. Assume that the water surface is horizontal, not slightly curved as 
in the figure. Let the initial excess water level be 6). Derive a formula for the time 
required to reduce the excess water level to (a) 6,/10; and (b) to zero. 
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Solution: The control volume encloses the tank and cuts through the outlet flow. From Eq. 
(3.20), 





fpa) H PQ = “[pLb(h + 5)] + pCb g!!? 5!" , cancel p and b; 


yo - 


1/2 
= dt 
dt 


L 





; ô d 
-C8 0. Separate variables : i = = 


where ô is the instantaneous excess water level. The integrated result for water level (ft) is 





The two specific results requested are: 


ô, ; 
(a) =: r= PEE Ans(a) 3 (b) 5 =0: t=  Ans(b) 
Cg ó 
It doesn’t really take infinitely long to reach the final level, because surface tension comes 
into play, at the lip of the dam, as 6 becomes very small. 
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P3.38 An incompressible fluid is Yo 
squeezed between two disks by downward 
motion Vo of the upper disk. Assuming 1- 


dimensional radial outflow, find the fe “GY xe ol 
locity V(r). Ato i peas feet 
velocity: V@) | v= i e ver)? 
l i 
Solution: Let the CV enclose the disks rinks l Ss 





Fixed circular disk 


and have an upper surface moving down at . 
Fig. P3.38 


speed Vo. There is no inflow. Thus 
4 J pdv |+ f Von da =0= d (parh)+ p2arh V, 
dt\ 3, a dt 

or: r = +2rhV =0, but £ = —V, (the disk velocity) 


As the disk spacing drops, h(t) ~ ho — Vot, the outlet velocity is V = Vo r/(2hbh). Ans. 





P3.39 A wedge splits a sheet of 20°C water, as shown in Fig. P3.39. Both wedge and 
sheet are very long into the paper. If the force required to hold the wedge stationary is F 
= 126 N per meter of depth into the paper, what is the angle 0 of the wedge? 


6 m/s 
6 m/s 
— F 


Fig. P3.39 4 cm 6 m/s 





Solution: For water take p = 998 kg/m°. First compute the mass flow per unit depth: 





m/b = pVh = (998 kg /m?)(6m/s)(0.04m) = 239.5kg/s—m 
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The mass flow (and velocity) are the same entering and leaving. Let the control volume 
surround the wedge. Then the x-momentum integral relation becomes 








EF, = -F = (uou — Uin) = (V cos S V)= iV (cos 1) 


or: —124N/m=(239.5kg/s —m)(6m/s(eos5—1) 


Solve cos = 0.9137, 5 =24" , 0 = 48° Ans. 





P3.40 The water jet in Fig. P3.40 strikes 
normal to a fixed plate. Neglect gravity and bs Sees 
friction, and compute the force F in > aa 
newtons required to hold the plate fixed. V, = 8 mvs 
Solution: For a CV enclosing the plate 
and the impinging jet, we obtain: 





Fig. P3.40 
2 F, =-F= iip + TM gownUdown —mju, 

=—mju;, mj = pA;V; 
Thus F = pA,V; =(998)7(0.05)°(8)° ~500N< Ans. 





P3.41 In Fig. P3.41 the vane turns the water jet completely around. Find the maximum jet 
velocity Vo for a force Fo. 
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Solution: For a CV enclosing the vane and the inlet and outlet jets, 





Fig. P3.41 








2DF: = F, = Mou: Vout MinUin A Mier ( Vo) TH joe ( | V) 
2 F, 
or: F,=2p,A,V5, solve for V, =,|——~*_ 
29,(z/4)D, 
P3.42 A liquid of density p flows hey rs 4 
through the sudden contraction in Fig. TRTE ! ! 
P3.42 and exits to the atmosphere. Assume S F ip 
i iti 1 i) 1 
uniform conditions (pl, V1, D1) at Pa e- — 


section 1 and (p2, V2, D2) at section 2. { ‘ 
Find an expression for the force F exerted 1(2) '(1) 
by the fluid on the contraction. l ! 


Fig. P3.42 

Solution: Since the flow exits directly to the atmosphere, the exit pressure equals 
atmospheric: p2 = pa. Let the CV enclose sections 1 and 2, as shown. Use our trick (page 129 
of the text) of subtracting pa everywhere, so that the only non-zero pressure on the CS is at 
section 1, p = p1 — pa. Then write the linear momentum relation with x to the right: 


DXF, =F-(p, —p,)A; =m u,—myu,, where tm, =m, = p,A,V, 
But u,=-V, and u,=—V,. Solve for Fon uid = (Pı -Pa )A; + 0A Vi (V, +V) 
Meanwhile, from continuity, we can relate the two velocities: 
Q,=Q,, or (z/4)D?V, =(7/4)D}V,, or: V, = V, (D?/D}) 


Finally, the force of the fluid on the wall is equal and opposite to F on fluid, to the left: 
1 
Fhuia on wall 7 (Pı =Pa JA, = PAV, [(Di /D3 ) al 1] > A, = 4 D? Ans. 


The pressure term is larger than the momentum term, thus F > 0 and acts to the left. 
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P3.43 Water at 20°C flows through a 5-cm-diameter pipe which has a 180° vertical 
bend, as in Fig. P3.43. The total length of pipe between flanges 1 and 2 is 

75 cm. When the weight flow rate is 230 N/s, p1 = 165 kPa, and p2 = 134 kPa. Neglecting 
pipe weight, determine the total force which the flanges must withstand for this flow. 














Fig. P3.43 


Solution: Let the CV cut through the flanges and surround the pipe bend. The mass flow rate 
is (230 N/s)/(9.81 m/s”) = 23.45 kg/s. The volume flow rate is Q = 230/9790 = 0.0235 
m?/s. Then the pipe inlet and exit velocities are the same magnitude: 

3 
0.0235 m°/s 12.0 ® 


V, =V, =V=Q/A= B10: 
no x (2/4)(0.05 my? s 





Subtract pa everywhere, so only p1 and p2 are non-zero. The horizontal force balance is: 


LE = Fy ange t (Pı Pa)Aı H (Pz P, JA» = MU, mu; 








=Fa + (64000) (0.05) + (33000) (0.05)? = (23.45)(-12.0 -12.0 m/s) 


or: F =-—126- 65-561 ~ -750N Ans. 


x,flange 


The total x-directed force on the flanges acts to the left. The vertical force balance is 





mT 
EF, = F; stange = Whipe + Wania =0+(9790) 7 (0.05) (0.75) 14N Ans. 


Clearly the fluid weight is pretty small. The largest force is due to the 180° turn. 
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P3.44 Consider uniform flow past a cylinder with a V-shaped wake, as shown. 
Pressures at (1) and (2) are equal. Let b be the width into the paper. Find a formula for 
the force F on the cylinder due to the flow. Also compute CD = F/(pULb). 


u 
U 
stream} ime al 
ree = 











Fig. P3.44 


Solution: The proper CV is the entrance (1) and exit (2) plus streamlines above 
and below which hit the top and bottom of the wake, as shown. Then steady-flow 
continuity yields, 





Ts 
0=f pudA [ puda=2f pv 14+ |b dy—2UbH, 
2 1 0 2 L 


where 2H is the inlet height. Solve for H = 3L/4. 

Now the linear momentum relation is used. Note that the drag force F is to the 
right (force of the fluid on the body) thus the force F of the body on fluid is to the left. 
We obtain, 


L 
0- = U y U y. dae 
EF, El waaa |e 2) s(t+2 og [t+ oay-atipu b = -Firag 


Use H= =. then Farag = : pU’Lb -2 pU’Lb ~x ; pU’Lb Ans. 


The dimensionless force, or drag coefficient F/(pULb), equals CD = 1/3. Ans. 
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P3.45 A 12-cm-diameter pipe, containing 


l m ` F? 
water flowing at 200 N/s, is capped by an 200 Nis | } 
orifice plate, as in Fig. P3.45. The exit jet is AN 

i is =25mm 


25 mm in diameter. The pressure in the pipe T 


a 
at section 1 is 800 kPa-gage. Calculate the o 


: i Fig. P3.45 
force F required to hold the orifice plate. 


Solution: For water take p = 998 kg/m*. This is a straightforward x-momentum problem. 
First evaluate the mass flow and the two velocities: 








_w_ 200N/s _ 20.4k8 V= m Aa -= 1.81 
& 9.81m/s? s PA, (998kg / m° (m /4)(0.12m) s 
vV = m eee -= 416 
PA, — (998kg/m>)(z/4)(0.025m) s 


Now apply the x-momentum relation for a control volume surrounding the plate: 


XF, = =F -+ Pi,gage^i = mV, =V) >» Or: 





F= (800000 Pa) Ž (0.12m)? (20.488)(41.6-1.81) = 9048-812 = 8240N Ans. 
S S 





P3.46 When a jet strikes an inclined SEN 
plate, it breaks into two jets of equal 4 
velocity V but unequal fluxes œQ at (2) AOAY 
and (1 — a@)Q at (3), as shown. Find a, D — 
assuming that the tangential force on the 
plate is zero. Why doesn’t the result depend 
upon the properties of the jet flow? Gaar / ® 


Fig. P3.46 





Solution: Let the CV enclose all three jets and the surface of the plate. Analyze the 
force and momentum balance tangential to the plate: 


DF, =F, =0=m,V+m,(—V)—m,Vcosd 
=amV -—(1-a)mV-—mVcos@=0, solve for = +(1+6088) Ans. 


The jet mass flow cancels out. Jet (3) has a fractional flow (1 — œ) = (1/2)(1 — cos 6). 





P3.47 A liquid jet Vj of diameter Dj strikes a fixed cone and deflects back as a conical 
sheet at the same velocity. Find the cone angle @ for which the restraining force F = 
(3/2) pAjVj-. 


Conical sheet 





Fig. P3.47 
Solution: Let the CV enclose the cone, the jet, and the sheet. Then, 


DF, =-F =m,,,.u, 





MinUin =m(—V;cos?)—mV;, where m= pA,V; 


‘out 


Solve for F = pA; (1+ cos) = = PAN} if cosĝ = L or 0=60° Ans. 





P3.48 The small boat is driven at steady speed Vo by compressed air issuing from 
a 3-cm-diameter hole at Ve = 343 m/s and pe = 1 atm, Te = 30°C. Neglect air drag. The 
hull drag is kVo?, where k = 19 N-s?/m?. Estimate the boat speed Vo. 


D,= 3.cm [Compressed 
v air 
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Solution: For a CV enclosing the boat and moving to the right at boat speed Vo, 
the air appears to leave the left side at speed (Vo + Ve). The air density is pe/RTe ~ 
1.165 kg/m?, The only mass flow across the CS is the air moving to the left. The 
force balance is 


DF, =—Drag = -kV> = you = [Ac (V, + Ve)I(-Vp - Ve)s 


out 


or: pP,A. (V, +V, =KV2, (1.165)(7/4)(0.03} (V, +343% =19V} 


work out the numbers: (V, +343)= V,V (23060), solve for V, =2.27 m/s Ans. 





P3.49 The horizontal nozzle in Fig. P3.49 has D1 = 12 in, D2 = 6 in, with p1 = 38 psia 
and V2 = 56 ft/s. For water at 20°C, find the force provided by the flange bolts to hold 
the nozzle fixed. 


Solution: For an open jet, p2 = pa = 15 psia. Subtract pa everywhere so the only 
nonzero pressure is p1 = 38 — 15 = 23 psig. 


P,= 15 lbf/in? abs 





Open 








Fig. P3.49 
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The mass balance yields the inlet velocity: 
v, Z402} =(56Z6, V, =14 Ê 
4 4 s 


The density of water is 1.94 slugs per cubic 
foot. Then the horizontal force balance is 


bolts 








ERF, = -Fois +(23 psig) (2 in}? = 


Compute Fos = 2601—(1.94) (1 ft)” [14 


mu, — mu, =m(V, - V,) 


*)(s6-14 2) =x1700lbf Ans. 
s s 





P3.50 The jet engine in Fig. P3.50 admits 
air at 20°C and 1 atm at (1), where A1 = 
0.5 m? and V1 = 250 m/s. The fuel-air 
ratio is 1:30. The air leaves section (2) at 1 
atm, V2 = 900 m/s, and A2 = 0.4 m. 
Compute the test stand support reaction Rx 
needed. 


Solution: 1 = p/RT = 101350/[287(293)] 
= 1.205 kg/m?. For a CV enclosing the 
engine, 


4 

l 

1 chamber I 
D1 l 


R, 


Fig. P3.50 


m, = p,A,V, = (1.205)(0.5)(250) =151 kg/s, my = isi(1+) =156 kg/s 


DE, =R, =1h,u, —1h,u, — ting, Ug, = 156(900) —151(250)—0 = 102,000N Ans. 





P3.51 A liquid jet of velocity Vj and area Aj strikes a single 180° bucket on a turbine 
wheel rotating at angular velocity Q. Find an expression for the power P delivered. At 
what Q is the power a maximum? How does the analysis differ if there are many buckets, 


so the jet continually strikes at least one? 








Bucket 


Wheel. radius R 
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Fig. P3.51 
Solution: Let the CV enclose the bucket and jet and let it move to the right at bucket 
velocity V = OR, so that the jet enters the CV at relative speed (Vj — OR). Then, 


x F, T —Foucket = MU oy a MUin 
= th[-(V, —OR)]-m[V, -OR] 





Relativet 
velocity | 
1 


OF: Faucet = 21n(Vj - OR) = 2pA,(V, - OR)’, 
and the power is P = ORF yx: = 2PAj;QAR(V; -QR)’ Ans. 
Maximum power is found by differentiating this expression: 


V. 
A SOP a) Ans. (whence Pax = = pAN? 
dQ 3 ap eS 


If there were many buckets, then the full jet mass flow would be available for work: 


1 V; 
Davaitsie =PA;Vp P=2A;ViOR(Vj-OR), Pma =3 pA,V; at OR= Ans. 





P3.52 The vertical gate in a water channel is partially open, as in Fig. P3.52. 
Assuming no change in water level and a hydrostatic pressure distribution, derive an 
expression for the streamwise force Fx on one-half of the gate as a function of (p, h, 
w, 0, V1). Apply your result to the case of water at 20°C, V1 = 0.8 m/s, h= 2m, w=1.5 m, 
and 0= 50°. 





Top View 
Side View 
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Solution: Let the CV enclose sections (1) and (2), the centerline, and the inside of the 
gate, as shown. The volume flows are 


V,Wh = V,Bh, or: yen ee 





centerline 


since B = W — Wsin@. The problem is unrealistically idealized by letting the water depth 
remain constant, whereas actually the depth would decrease at section 2. Thus we have 
no net hydrostatic pressure force on the CV in this model! The force balance reduces to 


DXF, = Fate on uid = MV —MV;, where m=pWhV, and V, =V,/(1—siné) 
1 
Solve for Fani =—pWhv?| ————-- 1 to the left) Ans. 
fluid on gate P 1 z T sinô) | ( oft) 


This is unrealistic—the pressure force would turn this gate force around to the right. For 
the particular data given, W = 1.5 m, = 50°, B = W(1 — sin@) = 0.351 m, V1 = 0.8 m/s, 
thus V2 = V1/(1 — sin 50°) = 3.42 m/s, p= 998 kg/m?, h=2 m. Thus compute 


Fauid on gate = (998)(2)(1.5)(0.8)° ee — 1 ~6300N< Ans. 
1—sin 50° 





P3.53 Consider incompressible flow in 
the entrance of a circular tube, as in Fig. 
P3.53. The inlet flow is uniform, u1 = Uo. 
The flow at section 2 is developed pipe 
flow. Find the wall drag force F as a 
function of (p1, p2, p, Uo, R) if the flow at 














Friction drag on fluid 


section 2 is Fig. P3.53 


2 
(a) Laminar: u, = Unax h -= | 


17 
(b) Turbulent: u, ~= Umax (i - z) 


Solution: The CV encloses the inlet and outlet and is just inside the walls of the tube. 
We don’t need to establish a relation between umax and Uo by integration, because the 
results for these two profiles are given in the text. Note that Uo = uav at section (2). Now 
use these results as needed for the balance of forces: 


R 
YF, =P, —P2)AR? — Farag = | Uy (Pu 2arrdr)—U,(2R7U,) = paR7U2(B, -1) 
x 1 2 drag 
0 


We simply insert the appropriate momentum-flux factors £ from p. 136 of the text: 
(a) Laminar: Farag = (P1 — P2 )aR? —(1/3) pxR?U? Ans. (a) 
(b) Turbulent, 8, ~1.020: Farag =(P1 —P2)4#R” -0.02 p2R°UZ Ans. (b) 





P3.54 For the pipe-flow reducing section 
of Fig. P3.54, D1 = 8 cm, D2 = 5 cm, and p2 
= ] atm. All fluids are at 20°C. If Vı = 5 
m/s and the manometer reading is h = 58 
cm, estimate the total horizontal force 
resisted by the flange bolts. 







O- © 


Pi = Pa = 101 kPa 


=] Mercury 


Fig. P3.54 


Solution: Let the CV cut through the bolts and through section 2. For the given 
manometer reading, we may compute the upstream pressure: 


Pi — P2 = (Ymere — Ywater JN = (132800 — 9790)(0.58 m) ~ 71300 Pa (gage) 
Now apply conservation of mass to determine the exit velocity: 
Q,=Q,, or (5 m/s)(7/4)(0.08 m)” = V,(2/4)(0.05), solve for V, = 12.8 m/s 
Finally, write the balance of horizontal forces: 
DF, =—Footts + PigageA1 = mV. - V,), 


or: Fyeus = (71300) 7 (0.08)° ~ (998) 7 (0.08)°(5.0)[12.8 ~5.0] = 163 N Ans. 





P3.55 In Fig. P3.55 the jet strikes a vane which moves to the right at constant velocity Vc on 
a frictionless cart. Compute (a) the force Fx required to restrain the cart and (b) the power P 
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delivered to the cart. Also find the cart velocity for which (c) the force Fx is a maximum and 
(d) the power P is a maximum. 







V,= constant 


= 


dame 


Fig. P3.55 


Solution: Let the CV surround the vane and cart and move to the right at cart speed. 
The jet strikes the vane at relative speed Vj — Vc. The cart does not accelerate, so the 
horizontal force balance is 


DF, =-F, =[pA,(V, - V,)](V;- V,) cos0 - pA,(V,- V.° 
or: F, = pA,(V,-V,)’(-cos@) Ans. (a) 





The power delivered is P = V,F, = pAjV,(V,;-V.)*(1-cos@) Ans. (b) 
The maximum force occurs when the cart is fixed, or: V,=0 Ans. (c) 
The maximum power occurs when dP/dV, =0, or: V,=V;/3 Ans. (d) 





P3.56 Water at 20°C flows steadily 
through the box in Fig. P3.56, entering 
station (1) at 2 m/s. Calculate the (a) 
horizontal; and (b) vertical forces required 
to hold the box stationary against the flow 
momentum. 





Solution: (a) Summing horizontal forces, 


Fig. P3.56 


x F, E R, = Mouttout 7 inin 


R, = o| (2) 0035.50 e 5.56)-— 099) (4) 000 e 2)(cos65°) 


=-18.46 N Ans. 
Rx =18.5 N to the left 


EF, =R, = hpi = -o| Z Jodo sin65°)=7.1N up 





P3.57 Water flows through the duct in Fig. P3.57, which is 50 cm wide and 1 m deep 
into the paper. Gate BC completely closes the duct when f= 90°. Assuming one- 
dimensional flow, for what angle / will the force of the exit jet on the plate be 3 KN? 


Solution: The steady flow equation applied to the duct, Q1 = Q2, gives the jet velocity 


as V2 = V1(1 — sin). Then for a force summation for a control volume around the jet’s 
impingement area, 


AM F=3kN 





Fig. 


P3.57 





2 
DXF. =F=m,V; = p(h -h noD | (v?) 


2 
psn" ph,DV, Jes) (998)(0.5)(1)(1.2)° 
F 3000 


| =49.5° Ans. 





P3.58 The water tank in Fig. P3.58 
stands on a frictionless cart and feeds a jet 
of diameter 4 cm and velocity 8 m/s, which 
is deflected 60° by a vane. Compute the 
tension in the supporting cable. 


Solution: The CV should surround the 
tank and wheels and cut through the cable 
and the exit water jet. Then the horizontal 
force balance is 





EF, = Tavie = MoutUout = (PAV;)V; cosO = 998 [= }0.047 (co 60°=40N Ans. 





P3.59 A pipe flow expands from (1) to (2), causing eddies as shown. Using the given 
CV and assuming p = p1 on the corner annular ring, show that the downstream pressure 
is given by, neglecting wall friction, 


A A 
=p,+pv;|— |}1-— 
Po =Pi +P (a A, 


Control 


Pressure = p, 4 
volume 










Pa. V2. Ag 


Fig. P3.59 


Solution: From mass conservation, V1A1 = V2A2. The balance of x-forces gives 





DF, = pA + Pwan (Ay — Ai) — P2Ay =m(V,—V,), where m=pA,V,, V,=V,A)/A, 


s ; A A 
If Pwan =p; as given, this reduces to p, =p; + poyi h) -4) Ans. 
2 


2 





P3.60 Water at 20°C flows through the 
elbow in Fig. P3.60 and exits to the atmo- 
sphere. The pipe diameter is D1 = 10 cm, 
while D2 = 3 cm. At a weight flow rate of 
150 N/s, the pressure p1 = 2.3 atm (gage). 
Neglect-ing the weight of water and elbow, 
estimate the force on the flange bolts at 
section 1. 





Solution: First, from the weight flow, compute Q = (150 N/s)/(9790 N/m?) = 0.0153 m/s. 
Then the velocities at (1) and (2) follow from the known areas: 


Q 0.0153». m. Q 0.0153 


2 2 


A, (#4012 | 8 A, (40.03% Ss 


5 





i 
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The mass flow is pA1V1 = (998)(7/4)(0.1)7(1.95) = 15.25 kg/s. Then the balance of forces 
in the x-direction is: 


EF, = -Fons + P)A, = rhu, -rhu = 1i(—V, cos 40°- V,) 





solve for Fy = (2.3x 101350)" (0.1)° +15.25(21.7cos40°+1.95) = 2100N Ans. 












spilling. If @ = 30°, estimate the horizontal se 
force F needed to hold the tank stationary. 


P3.61 A 20°C water jet strikes a vane on v-9m VI 
a tank with frictionless wheels, as shown. Be > k ars ; I 
The jet turns and falls into the tank without oi / I 
D;=2in | 

| 

I 


Solution: The CV surrounds the tank and 
wheels and cuts through the jet, as shown. at 
We should assume that the splashing into Fig. P3.61 
the tank does not increase the x-momentum 

of the water in the tank. Then we can write 

the CV horizontal force relation: 





d ; ; ‘ 
DF, =-F= all up dv) Minin = 0-mV,., independent of 0 


tan 


2 2 
Thus F=pA V? =(1.94 EZ 2 f) [50 Ë) z106f Ans. 
pa fe J4\12 s 





P3.62 Water at 20°C exits to the standard 
sea-level atmosphere through the split 
nozzle in Fig. P3.62. Duct areas are 
Al = 0.02 m? and A2 = A3 = 0.008 m?. If 
p1 = 135 kPa (absolute) and the flow rate is 
Q2 = Q3 =275 m? /h, compute the force on 
the flange bolts at section 1. 


3 
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Solution: With the known flow rates, we can compute the various velocities: 
2 3 
V =V, = 75/3600 = /s = 9.55 m, V= 550/3600 -764 ® 
0.008 m* s 0.02 s 





The CV encloses the split nozzle and cuts through the flange. The balance of forces is 
x Fe = —Frotts + PigageAY = PQ)(-Vy cos30°) + PQ3(-V3 cos 30°) a PQ V; ) 


or: Fronts = 2(998)( 2D Jo. 55 cos30°) + 998 S0, 220 “Ja. 64) + (135000 —101350)(0.02) 


=1261+1165+673 ~ 3100 N_ Ans. 





P3.63 A steady two-dimensional water 
jet, 4 cm thick with a weight flow rate of 
1960 N/s, strikes an angled barrier as in 
Fig. P3.63. Pressure and water velocity are (2) 
constant everywhere. Thirty percent of the 
jet passes through the slot. The rest splits 





symmetrically along the barrier. 
Calculate the horizontal force F needed, per unit 


thickness into the paper, to hold the barrier stationary. 


Solution: For water take 9 = 998 kg/m. The control volume (see figure) cuts through all 


four jets, which are numbered. The velocity of all jets follows from the weight flow at (1): 








Via Via Wyo 1960N/s - 50” 

ex PsA, — (9.81m/s7)(998kg / m3 )(0.04m)(1m) s 
iy =” = 10N s -m 2008 ; riy = 0.3m, Se ; in = rh = 708 
& 9.81N/s s-m sm s—m 


Then the x-momentum relation for this control volume yields 
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LF, = —F = muy + m3u3 + muy nyu, = 
—F = (60)(5.0) +(70)(-5.0cos 55°) + (70)(—5.0cos 55°) — 200(5.0) , or: 
F = 1000+ 201 + 201 — 300 ~ 1100N permeterof width Ans. 





P3.64 The 6-cm-diameter 20°C water jet 
in Fig. P3.64 strikes a plate containing a 
hole of 4-cm diameter. Part of the jet 
passes through the hole, and part is 
deflected. Determine the horizontal force 
required to hold the plate. 


Solution: First determine the incoming 
flow and the flow through the hole: 





3 2 
Qa = 7 (0.06) (25) =0.0707 =, Qhore = 7 (0.04) (25) = 00314 ™— 
S S 


Then, for a CV enclosing the plate and the two jets, the horizontal force balance is 
DF, =—-F 


plate = MhoteUhole + Mapper Uupper + MiowerM ower — Min Yin 


= (998)(0.0314)(25) +0 + 0 —(998)(0.0707)(25) 
= 784-1764, solve for F =980N (to left) Ans. 











P3.65 The box in Fig. P3.65 has three 0.5-in 
holes on the right side. The volume flows of F 
20°C water shown are steady, but the details of Sis 
the interior are not known. Compute the force, == oz fts 
if any, which this water flow causes on the box. C= or tes 
Solution: First we need to compute the Ls 
velocities through the various holes: Fig. P3.65 
0.1 ft?/ 
Vop = Voorm = — -2 =73.3 ft/s; Vysigate =2Viop = 146.6 fi/s 


(7/4)(0.5/12)? 
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Pretty fast, but do-able, I guess. Then make a force balance for a CV enclosing the box: 
ZF, = Foz = =M intin + 2topUtop> where Uin F —Viniddle and Utop = Vip 


Solve for F,,, =(1.94)(0.2)(146.6) + 2(1.94)(0.1)(73.3) ¥ 85Ibf Ans. 





P3.66 The tank in Fig. P3.66 weighs 500 
N empty and contains 600 L of water at 
20°C. Pipes 1 and 2 have D = 6 cm and 
Q = 300 m*/hr. What should the scale 
reading W be, in newtons? 

















Solution: Let the CV surround the tank, 
cut through the two jets, and slip just under Fig. P3.66 
the tank bottom, as shown. The relevant jet 
velocities are 

_ Q _ (00/3600) m*/s _ 


V =V, ~ 729.5 m/s 
A (2/4)(0.06 m) 


The scale reads force “P” on the tank bottom. Then the vertical force balance is 





XF, =P Wank Wiater =m,V, mv; =m[0 C Vv) 
3 300 
Solve for P =500+9790(0.6 m°) +998| -rp |(29-5)=8800N_ Ans. 





P3.67 Gravel is dumped from a hopper, at a rate of 650 N/s, onto a moving belt, as in 
Fig. P3.67. The gravel then passes off the end of the belt. The drive wheels are 80 cm in 
diameter and rotate clockwise at 150 r/min. Neglecting system friction and air drag, 
estimate the power required to drive this belt. 
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Solution: The CV goes under the gravel on the belt and cuts through the inlet and 
outlet gravel streams, as shown. The no-slip belt velocity must be 


1 2 
Viet = Voutlet = OR vheel =| 150 rey 27 a = (0.4 m) ~ 6.28 = 
min rev60 s s 





Then the belt applies tangential force F to the gravel, and the force balance is 


LF, = Fon belt = MoutYout — MinUins but Yin = 0. 


Then Fyen = V,a {5 *8)(628 2 =416 N 
9.81 s s 


The power required to drive the belt is P = FV et =(416)(6.28) =~ 2600 W Ans. 








P3.68 The rocket in Fig. P3.68 has a Fuel 

super-sonic exhaust, and the exit pressure \" sos 

pe is not necessarily equal to pa. Show that E, a N ae 
the force F required to hold fe rocket on pce : 
the test stand is F = peAeVe* + Ae(pe — { i | 

pa). Is this force F what we term the thrust Oxidizer © 

of the rocket? Fig. P3.68 


Solution: The appropriate CV surrounds the entire rocket and cuts through the exit jet. 
Subtract pa everywhere so only exit pressure # 0. The horizontal force balance is 


DF, =F-(p, —p A. =m,U, -Mpu —m,uU,, but Up =U, = 0, m, = PA.Ve 


Thus F=p,A,V2+(p,-p,)A, (yes, the thrust) Ans. 
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P3.69 A uniform rectangular plate, 40 cm long and 30 cm deep into the paper, hangs in air 
from a hinge at its top, 30-cm side. It is struck in its center by a horizontal 3-cm-diameter jet 
of water moving at 8 m/s. If the gate has a mass of 16 kg, estimate the angle at which the 
plate will hang from the vertical. 





Fig. P3.69 


Solution: The plate orientation can be found through force and moment balances. Find 
the force normal to the plate: 





. 1 
È F, =F, = mjay = PAVU, = (998) A Joo )(8)(8cos@) = 45.1 cos@ Newtons 


EM hinge = 0 = -(45.10080)(0.2m) +[(16)(9.81)N](0.2m)(sin9); tan@=0.287, @=16° 


hinge 


If the force and weight are centered in the plate, and the weight and jet flow are constant, 
the answer is independent of the length (40 cm) of the plate. 
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P3.70 The dredger in Fig. P3.70 is loading oe 
sand (SG = 2.6) onto a barge. The sand ae a 
leaves the dredger pipe at 4 ft/s with a weight ; 


flux of 850 Ibf/s. Estimate the tension on the 
mooring line caused by this loading process. 


CV 








Solution: The CV encloses the boat and cuts Fig. P3.70 
through the cable and the sand flow jet. Then, 
x F, = -Table = —MeandUsand =-m Vand cos 0, 
850 sl fi 
of: Tae =| SO 8 |4 Ë eos30°x911Ibf Ans. 
322 s s 





P3.71 Suppose that a deflector is 
deployed at the exit of the jet engine of 
Prob. 3.50, as shown in Fig. P3.71. What 
will the reaction Rx on the test stand be 
now? Is this reaction sufficient to serve as a 
braking force during airplane landing? 





Solution: From Prob. 3.50, recall that the 
essential data was 


V, =250 m/s, V,=900 m/s, m, =151 kg/s, m, =156 kg/s 


Fig. P3.71 


The CV should enclose the entire engine and also the deflector, cutting through the support 
and the 45° exit jets. Assume (unrealistically) that the exit velocity is still 900 m/s. Then, 


DF, =R, =m —m,,Uj, Where u 


Uout in“ in? 


= o = 
out out = — Vout COS 45 and Uin = Vi 


Then R, =—156(900cos 45°) —151(250) = —137,000 N 
The support reaction is to the left and equals137kN Ans. 





P3.72 A thick elliptical cylinder immersed u, 
in a water stream creates the idealized wake 
shown. Upstream and downstream pressures free 

are equal, and Uo = 4 m/s, L = 80 cm. Find U, 
the drag force on the cylinder per unit width H ae 2 + 
into the paper. Also compute the i E 
dimensionless drag coefficient CD = 2F/(p RE 
Uo"bL). 








Fig. P3.72 
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Solution: This is a ‘numerical’ version of the “analytical” body-drag Prob. 3.44. The 
student still must make a CV analysis similar to Prob. P3.44 of this Manual. The wake is 
exactly the same shape, so the result from Prob. 3.44 holds here also: 


Fimg = pU2Lb = $(998\4)*(0.8)( .0)+4260N Ans. 


The drag coefficient is easily calculated from the above result: CD =2/3. Ans. 





P3.73 A pump in a tank of water directs a 
jet at 45 ft/s and 200 gal/min against a vane, 
as shown in the figure. Compute the force F to 
hold the cart stationary if the jet follows 
(a) path A; or (b) path B. The tank holds 
550 gallons of water at this instant. 


Solution: The CV encloses the tank and 
passes through jet B. 

(a) For jet path A, no momentum flux crosses 
the CV, therefore F=0 Ans. (a) 

(b) For jet path B, there is momentum flux, so the x-momentum relation yields: 


DF.=F=nh 





u = 


out jettB 


out 
Now we don’t really know uB exactly, but we make the reasonable assumption that the 


jet trajectory is frictionless and maintains its horizontal velocity component, that is, uB 
= Vjetcos 60°. Thus we can estimate 


3 
F =i, =| 1.94 aes 200 F )(45c0860°) ~ 19.5 Ibf Ans. (b) 
f J 448.8 s 





P3.74 Water at 20°C flows down a vertical 6-cm-diameter tube at 300 gal/min, as in the 
figure. The flow then turns horizontally and exits through a 90° radial duct segment 1 cm 
thick, as shown. If the radial outflow is uniform and steady, estimate the forces (Fx, Fy, Fz) 
required to support this system against fluid momentum changes. 







Vertical Horizontal 
plane plane 


L 
ial 





Radial outflow 
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Solution: First convert 300 gal/min = 0.01893 m/s, hence the mass flow is pQ = 18.9 
kg/s. The vertical-tube velocity (down) is Vtube = 0.01893/[(2/4)(0.06)"] = -6.69 k m/s. 
The exit tube area is (7/2)RAh = (7/2)(0.15)(0.01) = 0.002356 m*, hence Vexit = Q/Aexit 
= 0.01893/0.002356 = 8.03 m/s. Now estimate the force components: 


45° 
XĘR= F= f Usut dout = f —Vaxit SİNO P Vexi Ah R dO = 0 Ans.(a) 


-45° 
45° 


IR=Ff, = f Vout IMout — ™ Vin = | —Vxit COSO P Vexit Ah R d0 — 0 


—45° 
= —VĉąpAðhRV2 Ans.(b) 


or: F, = — (8.03)?(998)(0.01)(0.15)VZ = —137N Ans.(b) 


È F, = F, = MWp — Win) = (18.9 kg/s)[0-(—6.69 m/s)] ~ +126 N Ans. (c) 


out 





P3.75 A liquid jet of density r and area A 
strikes a block and splits into two jets, as 
shown in the figure. All three jets have the 
same velocity V. The upper jet exits at angle 
0 and area gA, the lower jet turns down at 
90° and area (1 — a)A. (a) Derive a formula 
for the forces (Fx,Fy) required to support 
the block against momentum changes. 
(b) Show that Fy = 0 only if a 2 05. 
(c) Find the values of a and @ for which both 
Fx and Fy are zero. 





Solution: (a) Set up the x- and y-momentum relations: 
LF, =F. =am(-Vcos0)-m(-V) where m= pAV of the inlet jet 
DF, =F, =amVsind + (1—a@)m(-V) 

Clean this up for the final result: 


F, =mV(1-—a@cos0) 
F,=mV(a@sind+a—-1) Ans. (a) 
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b) Examining Fy above, we see that it can be zero only when, 
gly y 


sinĝ = ae 
a 
But this makes no sense if @<0.5, hence Fy=0 onlyif æ2 0.5. Ans. (b) 
(c) Examining Fx, we see that it can be zero only if cos@= 1/a, which makes no sense 
unless a= 1, 9= 0°. This situation also makes Fx = 0 above (sin = 0). Therefore the 
only scenario for which both forces are zero is the trivial case for which all the flow goes 
horizontally across a flat block: 


F, =F, =0 only if} @=1,0=0° Ans. (c) 





P3.76 A two-dimensional sheet of water, 
10 cm thick and moving at 7 m/s, strikes a 
fixed wall inclined at 20° with respect to 
the jet direction. Assuming frictionless flow, 
find (a) the normal force on the wall per 
meter of depth, and the widths of the sheet 
deflected (b) upstream, and (c) downstream Fig. P3.76 
along the wall. 


Viet 





Solution: (a) The force normal to the wall is due to the jet’s momentum, 
È Fy = Hit Min = —(998)(0.1)(7? (cos 70°) =1670 N/m Ans. 
(b) Assuming V1 = V2 = V3 = Vjet, VjAl=VjA2+VjA3_ where, 
A, =A, sin@ =(0.1)(1)(sin 20°) = 0.034 m x3 cm Ans. 


(c) Similarly, A3 = Al cos@= (0.1)(1)(cos 20°) = 0.094 m=9.4cem = Ans. 





P3.77 Water at 20°C flows steadily 

through a reducing pipe bend, as in Fig. Solution: First establish the mass flow 
P3.77. Known conditions are p! = 350 kPa, and exit velocity: 

D1 = 25 cm, V1 = 2.2 m/s, p2 = 120 kPa, 

and D2 = 8 cm. Neglecting bend and water 

weight, estimate the total force which must 

be resisted by the flange bolts. 





Fig. P3.77 


m= p,A,V, = oss 7 Jo2sy (2.2) =108 < -9937 Joos V,, or 
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v, =21.5 
S 


The CV surrounds the bend and cuts through the flanges. The force balance is 


È F, = Fyotts + Pi iM + P2 e3 


=mh,u,—-m,u,, where u, =—V, 


and u,=V, 





or Fons = (350000 100000) (0.25) 


+ (120000 100000) (0.08)° +108(21.5+2.2) 


=122714+101+2553~14900N Ans. 





P3.78 A fluid jet of diameter D1 enters a 
cascade of moving blades at absolute 
velocity V1 and angle (1, and it leaves at 
absolute velocity V1 and angle f2, as in 
Fig. P3.78. The blades move at velocity u. 
Derive a formula for the power P delivered 
to the blades as a function of these 
parameters. 


Solution: Let the CV enclose the blades 
and move upward at speed u, so that the 
flow appears steady in that frame, as shown 
at right. The relative velocity Vo may be 
eliminated by the law of cosines: 

V2 =Vi +u* —2V,ucos £, 

=V} +u? —2V,u cos £, 
(1/2)(Vi - V3) 

V cos 2; — V, cos p, 





solve for u= 


Vp | 
Ks, 1 . 
Fig. P3.78 





Then apply momentum in the direction of blade motion: 


DF, T Fyanes = 


MCV, oly Vozy) = m(V, cosf, — 


V, cosp), 


m= pA,V, 


The power delivered is P = Fu, which causes the parenthesis “cos #” terms to cancel: 
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P=Fu = Ft. (Vi -V}) Ans. 
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P3.79 Air at 20°C and 1 atm enters the v 
bottom of an 85° conical flowmeter duct at JY 
a mass flow rate of 0.3 kg/s, as shown in the 
figure. It supports a centered conical body 
by steady annular flow around the cone and 
exits at the same velocity as it enters. 
Estimate the weight of the body in newtons. 





Solution: First estimate the velocity from the known inlet duct size: 


p _ 101350 _ kg 


Pair = Da = 1.205 
RT 287(293) 


= 
thus 11=0.3= pAV = (1.205) (0.1V, solve V =31.7 A 
Then set up the vertical momentum equation, the unknown is the body weight: 
È F, = -W = mV cos 42.5° — mV = mV (cos 42.5°—1) 
Thus Wane =(0.3X(31.7)(1 -cos 42.5°)=2.5N Ans. 


cone 





P3.80 A river (1) passes over a “drowned” QE 
weir as shown, leaving at a new condition 
(2). Neglect atmospheric pressure and assume 
hydrostatic pressure at (1) and (2). Derive an 
expression for the force F exerted by the river 
on the obstacle. Neglect bottom friction. Fig. P3.80 





1 
idth b into paper 4 





Solution: The CV encloses (1) and (2) and cuts through the gate along the bottom, as 
shown. The volume flow and horizontal force relations give 


V,bh, = V;bh, 


1 1 
DE, = —Fyeir + 2 pgh, (hb) — 5 pgh,(h,b) = (ph bV, )(V, - V)) 


Note that, except for the different geometry, the analysis is exactly the same as for the 
sluice gate in Ex. 3.10. The force result is the same, also: 


1 2 2 2 h, 
Fyeir = — pgb{ hy —hy )-— ph,bV;}—-1] Ans. 
weir 78 ( 1 2) pry (i 
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P3.81 Torricelli’s idealization of efflux 
from a hole in the side of a tank is 
V = 2gh,as shown in Fig. P3.81. The 
tank weighs 150 N when empty and 
contains water at 20°C. The tank bottom 
is on very smooth ice (static friction 
coefficient ¢ = 0.01). For what water depth 
h will the tank just begin to move to 





E X Static 
the right? friction 
Fig. P3.81 


Solution: The hole diameter is 9 cm. The CV encloses the tank as shown. The coefficient 
of static friction is ¢= 0.01. The x-momentum equation becomes 


DF, = E Wank = MU gy =-m Vhote = pAV? = pA(2gh) 








or: oorl 9790) 5 (1 m)?(h+0.3+0.09)4 150| = osa[ 7 Joo9¥@x980n 
Solve for h#0.66m_ Ans. 





P3.82 The model car in Fig. P3.82 
weighs 17 N and is to be accelerated from 
rest by a 1-cm-diameter water jet moving at 
75 m/s. Neglecting air drag and wheel 
friction, estimate the velocity of the car 
after it has moved forward 1 m. 











Solution: The CV encloses the car, moves to the left at accelerating car speed V(t), and 
cuts through the inlet and outlet jets, which leave the CS at relative velocity Vj — V. The 
force relation is Eq. (3.50): 








ZF, f arel dm=0 Mearãcar = Mout Uout Minin = 2 joe (V; V), 
V 
or: M,,, > =2pA,(V; -vy 


Except for the factor of “2,” this is identical to the “cart” analysis of Example 3.12 on 
page 140 of the text. The solution, for V = 0 at t = 0, is given there: 
V;Kt 2pA, ? 
y=- o where K= päi 2(998)(7/4)(0.01) 
1+ V;Kt m (17/9.81) 


car 


= 0.0905 m7! 
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509t f 
Thus V (in m/s) = ———— and then compute distance S = f Vdt 
1+6.785¢ A 


The initial acceleration is 509 m/s?, quite large. Assuming the jet can follow the car 
without dipping, the car reaches S = 1 m at t ~ 0.072 s, where V = 24.6 m/s. Ans. 





P3.83 Gasoline at 20°C is flowing at V1 suction 
= 12 m/s in a 5-cm-diameter pipe when it {4+ hh 
encounters a 1-m length of uniform radial ams 1 Cy i 

z i ` 1 —> 
wall suction. After the suction, the velocity 120 kPa | l oms 
has dropped to 10 m/s. If p1 = 120 kPa, lary 
estimate p2 if wall friction is neglected. OQ” ‘pesemL=im ® 


Solution: The CV cuts through sections 1 and 2 and bee inside of the walls. We 
compute the mass flow at each section, taking p ~ 680 kg/m? for gasoline: 


th, =6so( Z Joo 05)(12) = 16.02 S, i =680( Z Joo 05)?(10) = 13.35 s 


The difference, 16.02 — 13.35 = 2.67 kg/s, is sucked through the walls. If wall friction is 
neglected, the force balance (taking the momentum correction factors 2 1.0) is: 





ZF, =P1A; —P2A7 = 1, V, -m, V; = (120000 p2)7 (0.05) 


= (13.35)(10) —(16.02)(12), solve for p, ~150 kPa Ans. 





P3.84 Air at 20°C and | atm flows ina 
25-cm-diameter duct at 15 m/s, as in 
Fig. P3.84. The exit is choked by a 90° cone, 
as shown. Estimate the force of the airflow 
on the cone. 


Solution: The CV encloses the cone, as 
shown. We need to know exit velocity. The 
exit area is approximated as a ring of Fig. P3.84 
diameter 40.7 cm and thickness 1 cm: 





3 
Q=A,V,= 4 (0.25)°(15) = 0.736 5 =A,V, ~2(0.407)(0.01)V;, or V, ~% 57.6 5 
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The air density is p = p/RT = (101350)/[287(293)] ~ 1.205 kg/m?. We are not given any 
pressures on the cone so we consider momentum only. The force balance is 
DF, = Foone = M(Ugyt — Uin ) = (1.205)(0.736)(57.6 c0s45° —15) ~ 22.8N Ans. 


The force on the cone is to the right because we neglected pressure forces. 





P3.85 The thin-plate orifice in Fig. P3.85 
causes a large pressure drop. For 20°C water 
flow at 500 gal/min, with pipe D = 10 cm 
and orifice d = 6 cm, p1 — p2 ~ 145 kPa. If 
the wall friction is negligible, estimate the 
force of the water on the orifice plate. 





Fig. P3.85 


Solution: The CV is inside the pipe walls, cutting through the orifice plate, as shown. 
At least to one-dimensional approximation, V1 = V2, so there is no momentum change. 
The force balance yields the force of the plate on the fluid: 


x Ks -F plate on fluid + pA, -pA = T wall A wall = m(V, = Vi) =0 


Since Ty ¥0, we obtain Frit. 


AE ~1140N Ans. 


The force of the fluid on the plate is opposite to the sketch, or to the right. 





P3.86 For the water-jet pump of Prob. a por ae 
3.36, add the following data: p1 = p2=25 77°" z 

lbf/in?, and the distance between sections 1 
and 3 is 80 in. If the average wall shear 
stress between sections 1 and 3 is 7 IbfR?, 
esti-mate the pressure p3. Why is it higher 
than p1? 





Fig. P3.36 


Solution: The CV cuts through sections 1, 2, 3 and along the inside pipe walls. Recall 
from Prob. 3.36 that mass conservation led to the calculation V3 % 6.33 m/s. Convert data 
to SI units: L = 80 in = 2.032 m, p1 = p2 = 25 psi = 172.4 kPa, and twall = 7 psf = 335 
Pa. We need mass flows for each of the three sections: 


th; -998(4 Joo 0762)?(40) +182 s, 


= kg 


h, -995{ 4 Jt. 254} —(0.0762)" (3) = 138 : 


and th, ~182+138 ~320 
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Then the horizontal force balance will yield the (high) downstream pressure: 
ZF, =p (A; +A3)- P343 -Twan DL = m; V; - m, V, -m V; 
=(172400 - p; ) A (0.254) -335 z (0.254)(2.032) = 320(6.33) —138(3)—182(40) 


Solve for p, ~ 274000 Pa = 39.7 lbf /in’ Ans. 


The pressure is high because the primary inlet kinetic energy at section (1) is converted 
by viscous mixing to pressure-type energy at the exit. 





P3.87 A vane turns a water jet through an V 
angle a, as shown in Fig. P3.87. Neglect 


friction on the vane walls. (a) What is the 





angle a for the support force to be in pure 
Fig. P3.87 

compression? (b) Calculate this compression force 

if the water velocity is 22 ft/s and the jet cross-section is 4 in’. 


Solution: (a) From the solution to Example 3.8, the support will be in pure compression 
(aligned with F) if the vane angle is twice the support angle. 
Therefore @ = 2(25°) = 50° Ans.(a) 


(b) The mass flow of the jet is 





m= PA jetV jet 


= 1.948) = (4 RË) = 3.72 8 
fe 412 s sS 


Then, also from Example 3.8, the magnitude of the support force is 





~ oO 
F = 2m Vsine = 23,72 M809 P sin” ) = 691bf Ans (b) 
S S 





P3.88 The boat in Fig. P3.88 is jet-propelled by a pump which develops a volume flow 
rate Q and ejects water out the stern at velocity Vj. If the boat drag force is F = kv? , where k 
is a constant, develop a formula for the steady forward speed V of the boat. 





Solution: Let the CV move to the left at boat speed V and enclose the boat and the 
pump’s inlet and exit. Then the momentum relation is 


DF, =KV* = My (V, + V— Viner) ¥ PQ(Vj + V) ifwe assume Vine, << V; 


pump 


If, further, V << V}, then the approximate solution is: V = (PQVj/k)" 2 Ans. 
If V and Vj are comparable, then we solve a quadratic equation: 


Vagt +26V;]?, where 6-2 Ans. 





P3.89 Consider Fig. P3.36 as a general problem for analysis of a mixing ejector pump. 
If all conditions (p, p, V) are known at sections 1 and 2 and if the wall friction is 
negligible, derive formulas for estimating (a) V3 and (b) p3. 


Solution: Use the CV in Prob. 3.86 but use symbols throughout. For volume flow, 
vig Di n vz (0? -Dt)= v3 D3, or: V;=V,a+V,(1-@), @=(D,/D,)? (A) 


Now apply x-momentum, assuming (quite reasonably) that p1 = p2: 





T T T T 
(9, ~p,)% D3 ~r,2D3L = p= D3V}- p= (D}-Di)V3 -p= DIV} 





2 

4Lr,, D 

Clean up: p3 =P; — n- +pļ|avi +(1-a)V; -v3 | where œ = (2) Ans. 
2 


2 


You have to insert V3 into this answer from Eq. (A) above, but the algebra is messy. 





P3.90 As shown in Fig. P3.90, a liquid column of height h is confined in a vertical tube 
of cross-sectional area A by a stopper. At t = 0 the stopper is suddenly removed, exposing 
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the bottom of the liquid to atmospheric pressure. Using a control-volume analysis of mass 
and vertical momentum, derive the differential equation for the downward motion V(t) of 
the liquid. Assume one-dimensional, incompressible, frictionless flow. 





Stopper 


Fig. P3.90 

Solution: Let the CV enclose the cylindrical blob of liquid. With density, area, and the 
blob volume constant, mass conservation requires that V = V(t) only. The CV accelerates 
downward at blob speed V(t). Vertical (downward) force balance gives 


2 Fuown -Í arel dm = “(I Vaoun? dv) + Mout Vout = Min Vin =0 
or: My,,p2+ApA—7z,Ay —amy),, = 0 


Since Ap=0 and r=0, weare left with ay), = ~ =g Ans. 





P3.91 Extend Prob. 3.90 to include a linear (laminar) average wall shear stress of the 
form t*cV, where c is a constant. Find V(t), assuming that the wall area remains 
constant. 


Solution: The downward momentum relation from Prob. 3.90 above now becomes 


v DL 
0 = Myo — Ty2DL — Mp4 =, or S +V =g, where ¢ = A 








Mblob 


where we have inserted the laminar shear t= cV. The blob mass equals A7/4)D7L. For 
V =0 at t=0, the solution to this equation is 


_caDL _ 4c 


g -¢t 
V=>2(1-e™°'), where ¢ = — Ans. 
Ç Mpoo PD 








P3.92 A more involved version of Prob. 3.90 is the elbow-shaped tube in Fig. P3.92, with 
constant cross-sectional area A and diameter D<<h, L. Assume incompressible flow, 
neglect friction, and derive a differential equation for dV/dt when the stopper is opened. Hint: 
Combine two control volumes, one for each leg of the tube. 


Solution: Use two CV’s, one for the vertical blob and one for the horizontal blob, 
connected as shown by pressure. 





From mass conservation, V1 = V2 = V(t). For CV’s #1 and #2, 





s dV 
2 Fagan -Í arel dm = A(mv) =0= (Patm ppA t pgAh m; dt (No. 1) 


ER, =f ag dm = A(tiu) =0=(P; -Pan )A +0 -m S (No. 2) 








Add these two together. The pressure terms cancel, and we insert the two blob masses: 


dV dv h 
Ah Ah+ pAL =0, or: = Ans. 
Pg (e pAL) dt ne 
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P3.93 According to Torricelli’s theorem, the velocity of a fluid draining from a hole in a 
tank is V © (2gh) a where h is the depth of water above the hole, as in Fig. P3.93. Let 
the hole have area Ao and the cylindrical tank have cross-section area Ab. Derive a 
formula for the time to drain the tank from an initial depth ho. 


— water T 
h 
ka 4 
Yv 
Fig. P3.93 


Solution: For a control volume around the tank, 
d a 
=a par | + Mout 7 0 


pA, = S Mou % —PA,V2gh 


0 t E 
Í dh =Í Ao N28 dt; t= As |h Ans. 
vho 4 A A, \2g 


ho 








P3.94 A water jet 3 inches in diameter strikes gies 














3 in 
a concrete (SG = 2.3) slab which rests freely on | 
<q 
36i V 
a level floor. Ifthe slab is 1 ft wide into the m \ 
Iculate the jet velocity which will an 
aper, calculate the jet velocity which wi - - 
Pe , 7 | Fig, P3.94 
just begin to tip the slab ; i i 
just begin to tip the slab over ' an 
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Solution: For water let p= 1.94 slug/ft’. Find the water force and then take moments about 
the lower left corner of the slab, point B. A control volume around the water flow yields 


š ; 2 
> = Fon jet = E Mou U out a Uin = Mout (0) pa V(-V) in pav 


È Msg = (PAV Ei mw, Waar E z P> Wsiap = (23x62. DË PAGASH = 287 lbf 


Thus (1.94)2 a TA V E 5 fi) = 2876p ft), solve for Vj, = 23.7 Ans. 
i sS 





P3.95 A cylindrical water tank discharges through 






a well-rounded orifice to hit a plate, as in Fig. P3.95. 
Use the Torricelli formula of Prob. P3.81 
to estimate the exit velocity. (a) If, at this 
instant, the force F required to hold the 

plate is 40 N, what is the depth A ? F 
(b) Ifthe tank surface is dropping at the 


rate of 5 cm every 2 seconds, what is the tank diameter D? 


Solution: For water take p = 998 kg/m°. The control volume surrounds the plate and yields 





$ s mT 
ZF, = F = -Mhn = M jer C Vig) = PA jetV ja (V jer) = p74 Vin 
a 
p(x/4)d* (2g) 
40N 


Given data: h = = 1.63m Ans.(a) 
(998kg / m? (zr / 4)(0.04m)? (2)(9.81m/s7) 


But Torricelli says V ii 


= 2gh ; Thus h= 





— 
Fig. P3.95 
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(b) In 2 seconds, h drops from 1.63m to 1.58m, not much change. So, instead of a laborious 
calculus solution, find Qjet,ay for an average depth hay = (1.63+1.58)/2 = 1.605 m: 


Qay = A jey 28ħay = F 0-04m)? J 2(9.81m/ 5? \(1.605m) = 0.00705m?/s 


Equate Owe Alor pS |2 -~ [00070509 < 060m Ans.) 
(2/4)Ah  \(r/4(0.05m) 
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P3.96 Extend Prob. 3.90 to the case of the 
liquid motion in a frictionless U-tube whose 
liquid column is displaced a distance Z 
upward and then released, as in Fig. P3.96. 
Neglect the short horizontal leg and combine 
control-volume analyses for the left and 
right legs to derive a single differential 
equation for V(t) of the liquid column. 







Equilibrium position 


Liquid - column tength 


L=h, +h, +h; 


Solution: As in Prob. 3.92, break it up 
into two moving CV’s, one for each leg, as 
shown. By mass conservation, the velocity 
V(t) is the same in each leg. Let pI be the iz 
bottom pressure in the (very short) cross- 
over leg. Neglect wall shear stress. Now 
apply vertical momentum to each leg: 


Leg#l: X Fjown -Í are, dM 


dV 
=(p, —p))A+ pgAh, —m, ape 





dV 
Log#2: EF- f au dm=(pi-p)A- pgAh, -m, = =0 
Add these together. The pressure terms will cancel. Substitute for the h’s as follows: 


dV 
dt 





dv dv 
pgA(h, —h,) = pgA(2Z) =(m, +m,) i = pA(h, +h,) i = pAL 


2 
Since V= ae we atrive at, finally, T + 287 =0 Ans. 
dt dt L 


The solution is a simple harmonic oscillation: Z = C cos [ Wee) | +D sin| t/@g/L) |. 





P3.97 Extend Prob. 3.96 to include a linear (laminar) average wall shear stress 
resistance of the form t ~ 8uV/D, where yu is the fluid viscosity. Find the differential 
equation for dV/dt and then solve for V(t), assuming an initial displacement z = zo, V = 0 
at t= 0. The result should be a damped oscillation tending toward z = 0. 


Solution: The derivation now includes wall shear stress on each leg (see Prob. 3.96): 


V 
Leg#l: E Fion -| a dm = Ap A + pgAh; -r2 Dh; -m; a =0 
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Leg#2: È Fup f a,., dm =—Ap A - pgAh, —7,,7Dh, —m, Yo 








Again add these two together: the pressure terms cancel, and we obtain, if A = nD7/4, 


2 
kati +—* Iy +78 —Z=0, where t, = SHY. Ans. 
dt pd” L D 


The shear term is equal to the linear damping term (32/pD?)(dZ/dt). If we assume an 
initial static displacement Z = Zo, V = 0, at t= 0, we obtain the damped oscillation 


o 


2 
Z =Z e™"cos(@t), where "= and @=,/2g/L Ans. 
u 





P3.98 As an extension of Ex. 3.9, let the 
plate and cart be unrestrained, with fric- 
tionless wheels. Derive (a) the equation of 
motion for cart velocity Vc(t); and (b) the 
time required for the cart to accelerate to 
90% of jet velocity. (c) Compute numerical 
values for (b) using the data from Ex. 3.9 
and a cart mass of 2 kg. 





Solution: (a) Use Eq. (3.49) with arel equal to the cart acceleration and 1 Fx = 0: 


oe =-p,A(V; -V Ans. (a) 





LF, -dam =Í upV-ndA =—mM, 


The above 15'-order differential equation can be solved by separating the variables: 





v, t 

E A 

|- =KÍ dt, where K = Prj 

0 a Lv J 0 Me 

V,Kt 
Solve for: Yeis =—— =0.90 if  tyge, = E a me Ans. (b) 
V; 1+V;Kt KV, V; PpA;V; 
9(2 kg) 


For the Example 3.10 data, tog, = 





z3.0s Ans. (c 
(1000 kg/m*)(0.0003 m7)(20 m/s) ©) 
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P3.99 Let the rocket of Fig. E3.12 start at z = 0, with constant exit velocity and exit 
mass flow, and rise vertically with zero drag. (a) Show that, as long as fuel burning 
continues, the vertical height S(t) reached is given by 


ae op ee Many shee Pein 
m M 


o 


(b) Apply this to the case Ve = 1500 m/s and Mo = 1000 kg to find the height reached 
after a burn of 30 seconds, when the final rocket mass is 400 kg. 


Solution: (a) Ignoring gravity effects, integrate the equation of the projectile’s velocity 
(from E3.12): 


S(t) =| V(t)dt = f |- (1-2) a 
0 o 


Let ¢ 1%, then dg = -" at and the integral becomes, 


o o 





m 


eS c 
si) =(-Vo| Melee ingyag =( Me) ing of (“cing G41] 
1 


(b) Substituting the numerical values given, 
AM M,-M, 1000 kg-400k 

= eo = 8 Š 220 kg/s and aj, EUs) 
At At 30s 1000 kg 


(1500 m/s)(1000 kg) 
(20 kg/s) 





m =0.40 


S(t =30 s) = [0.4 In(0.4)—(0.4)+1]=17,500 m_ Ans. 





P3.100 Suppose that the solid-propellant rocket of Prob. 3.35 is built into a missile of 
diameter 70 cm and length 4 m. The system weighs 1800 N, which includes 700 N of 
propellant. Neglect air drag. If the missile is fired vertically from rest at sea level, estimate 
(a) its velocity and height at fuel burnout and (b) the maximum height it will attain. 


Solution: The theory of Example 3.12 holds until burnout. Now Mo = 1800/9.81 = 
183.5 kg, and recall from Prob. 3.35 that Ve = 1150 m/s and the exit mass flow is 11.8 
kg/s. The fuel mass is 700/9.81 = 71.4 kg, so burnout will occur at tburnout = 71.4/11.8 = 
6.05 s. Then Example 3.12 predicts the velocity at burnout: 


_11.8(6.05) 


V, =—1150 In} 1 
183.5 


}-9:8166.05) ~807 m Ans. (a) 
S 
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Meanwhile, Prob. 3.99 gives the formula for altitude reached at burnout: 


_ 183.5(1150) 


s 
9 11.8 


[1+ (0.61 1){In(0.611)- 11-4 .81)(0.605) ~1393m_ Ans. (a) 


where “0.611” = 1 — 11.8(6.05)/183.5, that is, the mass ratio at burnout. After burnout, 
with drag neglected, the missile moves as a falling body. Maximum height occurs at 


ee ee 57 s, whence 
g 9.81 


S=S, + gAt? =1393 +(1/2)(9.81)(51.7Y ~14500 m Ans. (b) 





P3.101 Water at 20°C flows steadily through the 


tank in Fig. P3.101. Known conditions are 





Dı =8 cm, Vı = 6 m/s, and D2 = 4 cm. A rightward QI h(t) LC) 
+ << 
force F = 70 N is required to keep the tank fixed. F —] | | 
(a) What is the velocity leaving section 2? Fig. P3.101 











(b) If the tank cross-section is 1.2 m*, how fast is the water surface h(t) rising or falling? 


Solution: First, for water at 20°C, p = 998 kg/m’. (a) For a control volume around the tank, 





JF, = F = m u- m uy = thy (-V>) — rin (-V,) 


or: 70N = 1098) Z (0.04m)? V3 1V2) $ 1098) Z (0.08m)? (679165 
S S 


= -1.254 VŽ + 180.6N , solve V, = H = 9397 Ans(a) 
=k, Ss 


(b) The mass flows at 1 and 2 are not equal. The difference in volume flow moves the surface: 
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Aar = 0-0, = Z (0.08m)? (6%) - Z (0.04m)? (0.39% 
dt 4 S 4 S 
3 


or: (2m) 4 = 0,0302-0.0118 = 0.0184“, solve = ~+0.0153 “T Ans.(b) 
t S t S 








P3.102 As can often be seen in a kitchen Hydraul 
sink when the faucet is running, a high- ae 

speed channel flow (V1, 41) may “jump” : i 

to a low-speed, low-energy condition (V2, T iii | 






h2) as in Fig. P3.102. The pressure at + # 
sections 1 and 2 is approximately | &% 
hydrostatic, and wall friction is negligible. ji 
Use the continuity and momentum relations Fig. P3.102 
to find h2 and V2 in terms of (h1, V1). 


Solution: The CV cuts through sections 1 and 2 and surrounds the jump, as shown. 


Wall shear is neglected. There are no obstacles. The only forces are due to hydrostatic 
pressure: 


1 1 ; 
ZF, =0=7 28h, (h,b) -7 pgh (hb) = (V, - V, ), 


where m = pV,h;b = pV,h,b 


Solve for V,=V,h,/h, and h,/h, --}+ 5 Vt+8Vieh,) Ans. 
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P3.103 Suppose that the solid-propellant rocket of Prob. 3.35 is mounted on a 1000- 
kg car to propel it up a long slope of 15°. The rocket motor weighs 900 N, which 
includes 500 N of propellant. If the car starts from rest when the rocket is fired, and if 
air drag and wheel friction are neglected, estimate the maximum distance that the car 
will travel up the hill. 


Solution: This is a variation of Prob. 3.100, except that “g” is now replaced by “g sin@.” 
Recall from Prob. 3.35 that the rocket mass flow is 11.8 kg/s and its exit velocity is 1150 m/s. 
The rocket fires for tb = (500/9.81)/11.8 = 4.32 sec, and the initial mass is Mo = (1000 + 
900/9.81) = 1092 kg. Then the differential equation for uphill powered motion is 


mo =n, —mgsiné, m=M,-mt 


This integrates to: V(t)=—V, In(1—mt/M,)-gtsin@ for t<4.32s. 


After burnout, the rocket coasts uphill with the usual falling-body formulas with “g sin@.” 
The distance travelled during rocket power is modified from Prob. 3.99: 


S=(M,V,/m)[1+ (1 — mt/M, ){In(i—mt/M, )—1}] -2e sin@ 
Apply these to the given data at burnout to obtain 


Voumour = —1150 In(0.9533) -5(9.81)sin15°(4.32) ~ 44.0 m/s 


2(1150) 


Surout = i zl +0.9533{In(0.9533) 1} ]~—-(9.81)sin15°(4.32) ~94m 


The rocket then coasts uphill a distance AS such that Vb? = 2gAS sin@, or AS = 
(44.0)7/[2(9.81)sin 15°] ~ 381 m. The total distance travelled is 381 + 94 x 475m Ans. 








P3.104 A rocket is attached to a rigid x 
horizontal rod hinged at the origin as in t 
Fig. P3.104. Its initial mass is Mo, and its jao 
exit properties are m and Ve relative to the <4 






rocket. Set up the differential equation for wee dn,’ 
rocket motion, and solve for the angular wi F 
velocity w(t) of the rod. Neglect gravity, air i. Ve. Pe = Pa 


drag, and the rod mass. Fig. P3.104 
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Solution: The CV encloses the rocket and moves at (accelerating) rocket speed Q(t). 
The rocket arm is free to rotate, there is no force parallel to the rocket motion. Then 
we have 


È Fiangent =O -Í a,., dm =m(-V,), or mR = =mV,, where m =M, -mt 


: 9 nt 
Integrate, with Q =0 at t = 0, to obtain Q= -i oft a) Ans. 


o 





P3.105 Extend Prob. 3.104 to the case where the rocket has a linear air drag force F = 
cV, where c is a constant. Assuming no burnout, solve for a(t) and find the terminal 
angular velocity, i.e., the final motion when the angular acceleration is zero. Apply to the 
case Mo = 6 kg, R=3 m, m= 0.05 kg/s, Ve = 1100 m/s, and c = 0.075 N:s/m to find the 
angular velocity after 12 s of burning. 


Solution: If linear resistive drag is added to Prob. 3.104, the equation of motion 
becomes 


dQ mv, 


dt R 





—CQ, where m=M,~-mt, withQ=0att=0 


The solution is found by separation of variables: 


Q t < C/m 
If B=mV,/R, then f © (5, a OSE mt Ans. (a) 
B-CQ 4 M,-—tt Cc M 


0 o 





Strictly speaking, there is no terminal velocity, but if we set the acceleration equal to zero 
in the basic differential equation, we obtain an estimate Qterm =mVe/(RC). Ans. (b) 
For the given data, at t= 12 s, we obtain the angular velocity 
0.075 


Att=12s: Q r =36 eS) 
sec 





_ (0.05)(1100)} , (i 0.05(12) 
(3.0)(0.075) 6.0 
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P3.106 Actual air flow past a parachute creates 


a variable distribution of velocities and directions. } X X i) 
pV 
Let us model this as a circular air jet, of diameter D 
palate r 
half the parachute diameter, which is turned D/2 l 
completely around by the parachute, as in Fig. P3.106. Fig. P3.106 


(a) Find the force F required to support the chute. 
(b) Express this force as a dimensionless 


drag coefficient, Cp = F/{(1/2)pV'(n/4)D"] and compare with Table 7.3. 


Solution: This model is crude, compared to velocity-field theory, but gives the right order 
of magnitude. (a) Let the control volume surround the parachute and cut through the 
oncoming and leaving air streams: 





XF, = -F = hugum- Mun = (V) - MV) , 


or: F = 2mV = (pPAaV)V = 22S? = PD? V? Ans.(a) 


(b) Express this approximate result as a dimensionless drag coefficient: 


E F _ (#/8)pV7D 
Cp 2 2 2 2 
AIYE? (IAD? (1/2) pV? (1 /4)D 





1.0  Ans.(b) 


From Table 7.3, actual measurements show a parachute drag coefficient of about 1.2. Not bad! 
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P3.107 The cart in Fig. P3.107 moves at constant velocity Vo = 12 m/s and takes on water 
with a scoop 80 cm wide which dips h = 2.5 cm into a pond. Neglect air drag and wheel 
friction. Estimate the force required to keep the cart moving. 





Fig. P3.107 


Solution: The CV surrounds the cart and scoop and moves to the left at cart speed Vo. 
Momentum within the cart fluid is neglected. The horizontal force balance is 


È F, = -Thrust = -M eoop V; but V. 


scoop “inlet? inlet 


Therefore Thrust = mV, =[998(0.025)(0.8)(12)](12) =~ 2900N Ans. 


= V, (water motion relative to scoop) 





P3.108 A rocket sled of mass M is to be 
decelerated by a scoop, as in Fig. P3.108, 
which has width b into the paper and dips into 
the water a depth h, creating an upward jet at 
60°. The rocket thrust is T to the left. Let the 
initial velocity be Vo, and neglect air drag and 
wheel friction. Find an expression for V(f) of Fig. P3.108 
the sled for (a) T= 0 and (b) finite T+ 0. 





Solution: The CV surrounds the sled and scoop and moves to the left at sled speed V(t). 
Let x be positive to the left. The horizontal force balance is 


SE, =T-M z = houlou -nUn =M(-V cos0)-h(-V), th = pbhV 





dV 


or: sa g = TCV} C= pbh(1-cos8) 
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Whether or not thrust T = 0, the variables can be separated and integrated: 


Vv t 
dV C V, 
a) T=0: —=-—| dt, or: V=—W*— Ans. (a 
a ZY Ml nevm O 
t 
b)T>0: or: V= Vina tanh[at + Ans. (b 
(b) Jei fina tanh[at + 9] (b) 


where V,,,, =[T/ebg(1—cos6)]"*, a@=[Tpbh(1—cos@)]'7/M, ¢=tanh'(V,/V;) 


This solution only applies when Vo < Vfinal, which may not be the case for a speedy 
sled. 





P3.109 For the boundary layer flow in Fig. 3.10, let the exit velocity profile, at x = 
L , simulate turbulent flow, u * Uo(y/d)""”. (a) Find a relation between h and 6. (b) Find 
an expression for the drag force F on the plate between 0 and L. 


Solution: (a) Since the upper and lower boundaries of the control volume are 
streamlines, the mass flow in, at x=0, must equal the mass flow out, at x=L. 





. h E ô 7 
fam, = J, pU,bdy = pU,bh = Í dripu =f, pu, (%)"""bdy = 1 pu,b5 


after cancellation, h = rag Ans.(a) 


(b) Instead of blindly using Karman’s formula from Example 3.10, derive the drag force 
in straightforward control volume momentum-integral fashion: 


s 5 h 
EF, = HF = Suou ditou ~ [itin ditn = f, UE U E bay |, Up pU, bay 


or: F D = = pu BS Ans.(b) 
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P3.110 Repeat Prob. 3.49 by assuming that p1 is unknown and using Bernoulli’s 
equation with no losses. Compute the new bolt force for this assumption. What is the 
head loss between 1 and 2 for the data of Prob. 3.49? 


P, = 15 Ibffin2 abs 





Open 
jet 
= 56 
=H ft/s 
) © 6" 
© 12" 
Fig. P3.49 


Solution: Use one-dimensional, incompressible continuity to find V1: 
V, A =V; (#/4)(Lft)” = V> Ay = (56 ft/s\(0.5 ft” , or V, = 14 ft/s 


Bernoulli’s equation with no losses to estimate p1 with Az = 0: 


P, 14% 15044) (567 
y 2(32.2) 624 268227 











solve for Pi idea ~ 34-8 psia 


From the x-momentum CV analysis of Prob. 3.49, the bolt force is given by 


Fyotts = P2 gage A2 am m(V, E Vi) 





= (34.8 151493 (1 ft)” 1.94{ =a ft) (14)(56 —14) ~ 1340 Ibf Ans. 


We can estimate the friction head loss in Prob. 3.49 from the steady flow energy 
equation, with p1 taken to be the value of 38 psia given in that problem: 

38(144) (A? _ 15(144) | (56) 

62.4 2(32.2) 624 2(32.2) 





thre, solve for hy = 7.4 ft Ans. 





P3.111 Extend the siphon analysis of Ex. 3.22 as follows. Let p; = 1 atm and let the fluid 
be hot water at 60°C. Let z;24 be the same, with z3 unknown. Find the value of z3 for which 
the water might begin to vaporize. 
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Solution: Given p; = 101350 Pa and recall that z} = 60 cm, z2 = -25 cm, and z4 was not 
needed. Then note that, because of steady-flow one-dimensional continuity, from Ex. 3.22, 


V3 = V) = J29(z)-22) = J2(9.81)[0.6-(-0.25)] = 4.08m/s 





For cavitation, p3 should drop down to the vapor pressure of water at 60°C, which from Table 
A.5 is 19.92 kPa. And, from Table A.3, the density of water at 60°C is 983 kg/m*. Now write 
Bernoulli from point 1 to point 3 at the top of the siphon: 








2 2 
Pı vi P3 | V3 
+ BZ) = H gz 
j 2 8&1 2 823 
2 2 
101350 | 0% @8ty0.6m) = Eve p AOM. ogiz 
983 2 983kg /m 
80.4 
103.1 +0 + 5.9 = 20.3 + 8.3 + 9.81z3 , Solve z3; % 981 8.2m Ans. 


That’s pretty high, so the writer does not think cavitation is a problem with this siphon. 





P3.112 A jet of alcohol strikes the vertical plate in Fig. P3.112. A force F ~ 425 N is 
required to hold the plate stationary. Assuming there are no losses in the nozzle, 
estimate (a) the mass flow rate of alcohol and (b) the absolute pressure at section 1. 


Pi? 


ETa ci J Fig. 3.112 











i 
D, =5cm 


Solution: A momentum analysis of the plate (e.g. Prob. 3.40) will give 
F = hV, = pA, V} = 0.79(998)7(0.02} V3 =425N, 
solve for V, ~ 41.4 m/s 


whence rh = 0.79(998)(1/4)(0.02)° (41.4) = 10.3 kg/s Ans. (a) 
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We find V1 from mass conservation and then find p1 from Bernoulli with no losses: 
2% 
Incompressible mass conservation: V, = V, (D,/D,} = «a1a( 2] = 6.63 m/s 
1 2 y72\_ ; 
5 p(V3-V;)=101000 4 
= 760,000 Pa _ Ans. (b) 





[(41.4} - (6.63) ] 


i 0. 8 
Bernoulli, Z =Z: Py =Po | a ) 


P3.113 An airplane is flying at 300 mi/h at 4000 m standard altitude. As is typical, the air 
velocity relative to the upper surface of the wing, near its maximum thickness, is 26 percent 
higher than the plane’s velocity. Using Bernoulli’s equation, calculate the absolute pressure 
at this point on the wing. Neglect elevation changes and compressibility. 

1.26 U, 
Solution: Fix the frame of steady flow relative to Uo 
the wing. Let point 1 be the oncoming stream and 7 > E> 
point 2 be the maximum thickness point. From Table A.5, 
at 4000 m, p = 61,633 Pa, and 9 = 0.8191 kg/m*. Convert U; = 300 mi/h to 134 m/s. 


Then the velocity U> at the max thickness point is 1.26(134) = 169 m/s. Then, from the 
figure, 


1 
pi + Zev z (61633) +4 (0.819134)? = p+ Ti =p + z (©819D069)? 


Solve for p, = 57,300 Pa on the upper surface Ans. 


If the elevation change were accounted for, the answer would differ by less than one Pascal. 
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P3.114 Water flows through a circular nozzle, exits into the air as a jet, and strikes a 
plate, as in Fig. P3.114. The force required to hold the plate steady is 70 N. Assuming 
frictionless one-dimensional flow, estimate (a) the velocities at sections (1) and (2); (b) the 
mercury manometer reading h. 
Solution: (a) First examine the momentum of the jet striking the plate, 

ÈF =F = -mun = -pA V7 


inin 


D, = 10 cm 
Fa i 


> 
water at 20°C ’ 


Fig. P3.114 







g 
70 N= -098 Z 0002) V, =9.96 m/s Ans. (a) 


T 2, 
Voy g oso(7) (0.034) 


Then V,= a = 
1 = (0.1 
ieee 


or V,=0.9 m/s _ Ans. (a) 


(b) Applying Bernoulli, 
P- p, = 5 p(V; -V’)= 5 (998)9.96" -0.97) = 49,100 Pa 


And from our manometry principles, 


_ Ap _ 49,100 
A(pg) (133,100 —9790) 





= 0.40m Ans. (b) 
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P3.115 A free liquid jet, as in Fig. P3.115, has constant ambient pressure and small 
losses; hence from Bernoulli’s equation z + V7/(2g) is constant along the jet. For the fire 
nozzle in the figure, what are (a) the minimum and (b) the maximum values of 0 for 
which the water jet will clear the corner of the building? For which case will the jet 
velocity be higher when it strikes the roof of the building? 





V, = 100 tvs, 
o 
& +—— 40ft 
Fig. P3.115 
Solution: The two extreme cases are when the jet just touches the corner A of the 
building. For these two cases, Bernoulli’s equation requires that 


Vj +2gz, =(100)° +29(0) = Va +2ez, = Va + 2(32.2)(50), or: V, =82.3 4 
S 





The jet moves like a frictionless particle as in elementary particle dynamics: 
Vertical motion: z =(V; sinĝ)t-— sats Horizontal motion: x =(V, cos@)t 


oo? 


Eliminate “t” between these two and apply the result to point A: 





gxi = 40 tan 0 (32.2)(40)" 


Z, =50=x,tanO 
f A 2V? cos?0 2(100)? cos?8 


; clean up and rearrange: 


tan @ =1.25+0.0644 sec’0, solve for 0 =85.94° Ans. (a) and 55.40° Ans. (b) 


Path (b) is shown in the figure, where the jet just grazes the corner A and goes over the 
top of the roof. Path (a) goes nearly straight up, to z = 155 ft, then falls down to pt. A. In 
both cases, the velocity when the jet strikes point A is the same, 82.3 ft/s. 





P3.116 For the container of Fig. P3.116 use Bernoulli’s equation to derive a formula for 
the distance X where the free jet leaving horizontally will strike the floor, as a function of 
h and H. For what ratio h/H will X be maximum? Sketch the three trajectories for h/H = 
0.25, 0.5, and 0.75. 
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Solution: The velocity out the hole and the time to fall from hole to ground are given by 
V, =V28(H -h) tan = y2h/g 


Then the distance travelled horizontally is 


X=V,ta =2Vn(H—h) Ans. 





Maximum X occurs at h = H/2, or Xmax = H. When h = 0.25H or 0.75H, the jet travels 
out to X = 0.866H. These three trajectories are shown in the sketch on the previous page. 
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P3.117 Water at 20°C, in the pressurized 


T (3) 
tank of Fig. P3.117, flows out and creates a | Air 
‘ 75 kPa-gage 
vertical jet as shown. Assuming steady H? o {TT 
(1) 
(2 


frictionless flow, determine the height H water 





to which the jet rises. LW 
Fig. P3.117 
Solution: This is a straightforward Bernoulli problem. Let the water surface 


be (1), the exit plane be (2), and the top of the vertical jet be (3). Let z2 = 0 for convenience. 


If we are clever, we can bypass (2) and write Bernoulli directly from (1) to (3): 





v2 v2 
PL gt gia 224 3423, , or: 
P8 2g pg 2g 
O 0.85m = 0 +0+ H 
(9.81)(998) = 
Solve H = 7.66m + 0.85m = 851m Ans. 


If we took an intermediate step from (1) to (2), we would find V>’/2g = 8.51 m, and then going 
from (2) to (3) would convert the velocity head into pure elevation, because V3 = 0. 





P3.118 Bernoulli’s 1738 treatise Hydrodynamica contains many excellent sketches of flow 
patterns. One, however, redrawn here as Fig. P3.118, seems physically misleading. What is 
wrong with the drawing? 
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Solution: If friction is neglected and the exit pipe is fully open, then pressure in the 
closed “piezometer” tube would be atmospheric and the fluid would not rise at all in the 
tube. The open jet coming from the hole in the tube would have V ~ V(2gh) and would 
rise up to nearly the same height as the water in the tank. 








Fig. P3.118 





P3.119 A long fixed tube with a rounded nose, aligned with an oncoming flow, can be 
used to measure velocity. Measurements are made of the pressure at (1) the front nose and (2) 
a hole in the side of the tube further along, where the pressure nearly equals stream pressure. 
(a) Make a sketch of this device and show how the velocity is calculated. (b) For a particular 
sea-level air flow, the difference between nose pressure and side pressure is 1.5 Ibf/in?. What 
is the air velocity, in mi/h? 


5 Po 
Solution: (a) The front nose measures po 
and the side hole measures the stream f 
pressure po. With no elevation Us y Po 





changes, the Bernoulli equation predicts 


2(P, = Px) 
pP 


Us = Ans.(a) 


The device is, of course, called a Pitot-static tube and is in wide use in fluids engineering. 
(b) For sea-level conditions, take pair = 1.2255 kg/m°. Convert 1.5 lbf/in? to 10342 Pa. 
Work the whole problem in SI units and convert at the end: 
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ae , 
U, = [PoP _ A = 130m/s = 291 Č Ans(b) 
P 1.2255kg/m h 








P3.120 The manometer fluid in Fig. 
P3.120 is mercury. Estimate the volume flow 
in the tube if the flowing fluid is (a) gasoline 
and (b) nitrogen, at 20°C and 1 atm. 


Solution: For gasoline (a) take p = 1.32 
slug/ft?. For nitrogen (b), R = 297 J/kg-°C and = 
p = piRT = (101350)/[(297)(293)] = 1.165 Fig. P3.120 





kg/m? = 0.00226 slug/ft?. For mercury, 
take 


p ® 26.34 slug/ft . The pitot tube (2) reads stagnation pressure, and the wall hole (1) 
reads static pressure. Thus Bernoulli’s relation becomes, with Az = 0, 


1 
Pi +3 2V =P or V, = /2(p.—p,)/p 


The pressure difference is found from the manometer reading, for each fluid in turn: 


(a) Gasoline: Ap = (Py, — 0)777 = (26.34 —1.32)(32.2)(1/12 ft) = 67.1 Ibf/ft? 


ft 
s 





2 3 
V, =[2(67.1)/1.32]? =10.1 —, Q=V,A, -co.n{ 4 Ie -0.495 Ë Ans. (a) 
sS 


(b) Nz: AP = (Pre — P)gh = (26.34 — 0.00226)(32.2)(1/12) = 70.7 1bf/ft? 


ft a\(3 Y ft? 
V, =[2(70.7)/0.00226]”* =250 —, Q=V,A, -0230(4)(3)] 12.3 — Ans. (b) 
S sS 
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P3.121 In Fig. P3.121 the flowing fluid is Dest em 
CO2 at 20°C. Neglect losses. Ifp1 = 170 kPa 
and the manometer fluid is Meriam red oil 
(SG = 0.827), estimate (a) p2 and (b) the 


gas flow rate in m°/h. 


D, =10cm 





Solution: Estimate the CO2 density as p= 
p/RT = (170000)/[189(293)] = 3.07 kg/m’. 
The manometer reading gives the down- 
stream pressure: 


Fig. P3.121 


Pi — Po = (Poi — Pco, )gh =[0.827(998) — 3.07](9.81)(0.08) = 645 Pa 
Hence p, =170,000 -645 ~169400Pa Ans. (a) 


Now use Bernoulli to find V2, assuming p1 ~ stagnation pressure (V1 = 0): 


1 1 
Pi +5 PO) ~P2 +> PV, 


or: V, = [2 =P2) _ |20645) 49.5 Œ 
p 3.07 Ts 
3 


Then Q= VA, =(20.5)(7/4)(0.06)} = 0.058 m°/s = 209 = Ans. (b) 
r 








P3.122 The cylindrical water tank in Fig. P3.122 is being 
filled at a volume flow Q; = 1.0 gal/min, while the 

water also drains from a bottom hole of diameter d = 

6mm. At time t=0,=0. Find (a) an expression for 

h(t) and (b) the eventual maximum water depth max- 


Assume that Bernoulli’s steady-flow equation is valid. 
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Solution: Bernoulli predicts that Vz = W(2gh). 
Convert Q; = 6.309E-5 m’/s. A control volume around the tank gives the mass balance: 


d d 
- lostem =0 = A = Oy 4 A,J2gh , where A =3D and A, <5 





Rearrange, separate the variables, and integrate: 


h(t) 
dh E T far 


J Q) — ApJ 2gh Ay 
(a) The integration is a bit tricky and laborious. Here is the writer’s result: 


po a Ins 2Avh 


a ai a” 





where œ = A 2g Ans.(a) 


(a) A graph of h versus t for the particular given data is as follows: 





0.26 - 
0.24 4 
0.22 
0.2 
0.18 4 
0.16 
0.14 
0.12 
0.1 
0.08 
0.06 +4 
0.04 4 
0.02 

0 + + 1 + 


f, Sec 
0 200 400 600 800 1000 1200 
















































(b) The water level rises fast and then slower and is asymptotic to the value max = 0.254 m. 
This is when the outflow through the hole exactly equals the inflow from the pipe: 


Q; = A J2għwax > or: 6.309E-— s- 7 (0.006m)* J20. 8 Dmax 


Solve m h = 0.254m Ans.(b) 


max 
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P3.123 The air-cushion vehicle in Fig. 
P3.123 brings in sea-level standard air 
through a fan and discharges it at high 
velocity through an annular skirt of 3-cm 
clearance. If the vehicle weighs 50 kN, 
estimate (a) the required airflow rate and 


(b) the fan power in kW. Se ERT 
ME 


Fig. P3.123 





Solution: The air inside at section 1 is 
nearly stagnant (V ~ 0) and supports the 
weight and also drives the flow out of the 
interior into the atmosphere: 





Pi ~ Poir: Pot ~Patm = Weigh A = x = : PV., (1.205) ~1768 Pa 


area (3m) 2 ai 


3 


Solve for V,,, * 54.2 m/s, whence Q, = A,V, =7(6)(0.03)(54.2) = 30.6 ™— 
S 


exit 


Then the power required by the fan is P = QeAp = (30.6)(1768) =~ 54000 W Ans. 





P3.124 A necked-down section in a pipe flow, called a venturi, develops a low throat 
pressure which can aspirate fluid upward from a reservoir, as in Fig. P3.124. Using 
Bernoulli’s equation with no losses, derive an expression for the velocity V1 which is just 
sufficient to bring reservoir fluid into the throat. 


Vz P= P, 





Fig. P3.124 
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Solution: Water will begin to aspirate into the throat when pa — p1 = pgh. Hence: 


: l 1 
Volume flow: V,=V,(D,/D,)°; Bernoulli (Az=0): pı + z0" Z Patm +32V2 


D 2gh 
Solve for p, —p; = la" -1)V3>pgh, a=—, or: V,2 £ 


; Ans. 
1 a-l 





Similarly, V =@° V, min = o 
' 1-(,/D,) 


1, min 





P3.125 Suppose you are designing a 3 x 6-ft 

air-hockey table, with 1/16-inch-diameter 

holes spaced every inch in a rectangular Pa 
pattern (2592 holes total), the required jet 
speed from each hole is 50 ft/s. You must 
select an appropriate blower. Estimate the 
volumetric flow rate (in ft/min) and Manifold: p; , V;~0 
pressure rise (in psi) required. Hint: Assume 
the air is stagnant in the large manifold under 
the table surface, and neglect frictional 
losses. 


Viet 








Solution: Assume an air density of about sea-level, 0.00235 slug/ft?. Apply Bernoulli’s 
equation through any single hole, as in the figure: 


Py ri = Pa ea: or. 





_ — Py _ 0.00235 -..5 _ lbf lbf 
AP,equired = Pi — Pa 3 Via 5 (50) = 2.94 P 0.0204 a Ans. 
The total volume flow required is 
2 
Q = VA hoe # of hotes)=(50 fae A) (2592 holes) 
S 
3 3 
-2.76 F- =166 $ Ans. 


S mın 
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It wasn’t asked, but the power required would be P = QAp = (2.76 ft? /s)(2.94 Ibf/ft?) = 
8.1 ft-lbf/s, or about 11 watts. 





P3.126 The liquid in Fig. P3.126 is kerosine at a Estimate the flow rate from the 
tank for (a) no losses and (b) pipe losses Af ~ 4. 5v? /(2g). 


Air: 


p = 20 Ibffin? abs 
V.(1 P, = 14.7 Ibf/in? abs 





Fig. P3.126 


Solution: For kerosine let y= 50.3 Ibf/ft?. Let (1) be the surface and (2) the exit jet: 


v? 2 
Por e a a a a a 
y 2g y 2g 2g 


2 


v - = 
Solve for s üiKaz q D Psy OAU 
g y 


50.3 





~ 20.2 ft 


We are asked to compute two cases (a) no losses; and (b) substantial losses, K ~ 4.5: 


1/2 2 3 
ee | -360 Ë, Q =36.07 fa #0007 A> Anse) 
S 





(a) K =0: ve-[ 








1+0 s 
2 3 
(b)K=4.5: V,= [2820030 =16.4 w Q=16.42 ! = 0.089 w Ans. (b) 
1+4.5 s 4\12 s 
P3.127 An open water jet exits from a Hr 
nozzle into sea-level air, as shown, and Aen 


è ? n ; I ‘1 ow 
strikes a stagnation tube. If the centerline a awae a l H- 
i i l =-=- Open jet 


pressure at section (1) is 110 kPa and 12o ()——*, — 
losses are neglected, estimate (a) the mass | i 
flow in kg/s; and (b) the height H of the Sea-level air 
fluid in the tube. Fig. P3.127 
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Solution: Writing Bernoulli and continuity between pipe and jet yields jet velocity: 


4 4 
Py 2 Diet 998 5 4 
=V l1 =110000 -101350 = Vid 5 
Pi = Pa 2 :| | D, ) 2 jet 12 


solve Vier =4.19 = 
s 





V, 


Then the mass flow is m = pA aV jer 


jet 


= 9987 (0.04)°(4.19) -5.25 ŽE Ans. (a) 
Ss 


(b) The water in the stagnation tube will rise above the jet surface by an amount equal to 
the stagnation pressure head of the jet: 





yv? 2 
H=R,,,+—“ =0.02 m4 (419) = 9.024+089=0.91 m Ans. (b) 
Ji 2g 2(9.81) 





P3.128 A venturi meter, shown in Fig. 
P3.128, is a carefully designed constriction 
whose pressure difference is a measure of 
the flow rate in a pipe. Using Bernoulli’s 
equation for steady incompressible flow 
with no losses, show that the flow rate Q is 
related to the manometer reading h by 





gso A 2gh(Py — P) = z Dare 
(DID p adie 


where pM is the density of the manometer 
fluid. 


Solution: First establish that the manometer reads the pressure difference between 1 and 2: 


Pı -P2 = (2m - P)gh (1) 
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Then write incompressible Bernoulli’s equation and continuity between (1) and (2): 


v? v? 
(Az=0): a x Pie and V=V,(D,/D,)’, Q=A,V, =A,V, 


2 p 
ArV28h(pm— PIP 4 
y1-(@,/D,)* 


Eliminate V, and (p, —p,) from (1) above: Q= 





P3.129 A wind tunnel draws in sea-level standard air from the room and accelerates it 
into a 1-m by 1-m test section. A pressure transducer in the test section wall measures Ap = 
45 mm water between inside and outside. Estimate (a) the test section velocity in mi/hr; 
and (b) the absolute pressure at the nose of the model. 


atm 
a) 





Ap =45 mm water 


Solution: (a) First apply Bernoulli from the atmosphere (1) to (2), using the known Ap: 


Pa -P2 =45 mm H,O = 441 Pa; p, =1.225 kg/m; pı eV =D» eN 


Since V, = 0:and pi =p we obainn Vy- 2AP ZOD agg Meo E Ans. (a) 
p s r 





1.225 


(b) Bernoulli from 1 to 3: both velocities = 0, so pnose = pa ~ 101350 Pa. Ans. (b) 
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P3.130 In Fig. P3.130 the fluid is gasoline at 20°C at a weight flux of 120 N/s. 
Assuming no losses, estimate the gage pressure at section 1. 


Solution: For gasoline, p = 680 kg/m’. Compute the velocities from the given flow rate: 


5cm 














Fig. P3.130 
i 3 
gets 120 N/s = 0.018 ma 
pg 680(9.81) s 
a DOIR = 3.58 m, v= DOTS =9.16 m 
7(0.04) s z(0.025) s 
Now apply Bernoulli between 1 and 2: 
p, , Vt py. V3 p, (3.58) O(gage) (9.16)? 
<14—4+97,++2+—+2872,, or: 14 10x H +9.81(12) 
2 p 2 p 2 680 2 


Solve for p, ~104,000 Pa(gage) Ans. 





P3.131 In Fig. P3.131 both fluids are at 20°C. If V1 = 1.7 ft/s and losses are neglected, 
what should the manometer reading h ft be? 


Solution: By continuity, establish V2: 


V, = V,(D,/D,)? =1.7(3/1) =15.3 a 
S 


Chapter 3 e Integral Relations for a Control Volume 265 
Now apply Bernoulli between | and 2 to establish the pressure at section 2: 


Pi EV + P&Z, =P» + Ovi + P&Z, 





| 2ft 
td | 

i | 

i 

` Mercury 


Fig. P3.131 
or: p; +(1.94/2)(1.7) +0 ~ 0 +(1.94/2)(15.3} +(62.4)(10), p; =848 psf 


This is gage pressure. Now the manometer reads gage pressure, so 


lbf 
Pı — pa = 848 e =(Pmere — Pwater gh = (846 —62.4)h, solve for h~1.08 ft Ans. 





P3.132 Extend the siphon analysis of Ex. 3.22 to account for friction in the tube, as 
follows. Let the friction head loss in the tube be correlated as 5.A(Veube) (22), which 
approximates turbulent flow in a 2-m-long tube. Calculate the exit velocity in m/s and 
the volume flow rate in cm*/s. We repeat the sketch of Ex. 3.22 for convenience. 


ZIS 60 
cm ---- 


z2=-25 cm 


\ V, ? 





Fig. E3.22 
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Solution: Write the steady flow energy equation from the water surface (1) to the exit (2): 


y2 v2 
Eg ra = 224 2 + Zo + hp , where hp = 


pg 28 pg 28 


2 
5.4 Vibe 
2g 





The tube area is constant, hence Vube = V2. Also, pı = p2and Vı %0. Thus we obtain 





2 
zı =z, = 0.6m- (0.25m) = 0.85m = x (1+5.4) 


2 
Solve V, = zos a = 1.61% Ans. 
+). S 


3 3 
and Q = VA, = (1.61%) 5 (0.01m)? 7 0.000167" = 127 ™ 





Ans. 





S 


Tube friction has reduced the flow rate by more than 60%. 





P3.133 If losses are neglected in Fig. P3.133, for what water level h will the flow begin 
to form vapor cavities at the throat of the nozzle? 







4p, = 100kPa 


D, =5Scm 


D,=8cm 


Open 
Jet 


Fig. P3.133 


Solution: Applying Bernoulli from (a) to (2) gives Torricelli’s relation: V2 = V(2gh). Also, 


V, = V,(D,/D,)° = V, (8/5) =2.56V, 
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Vapor bubbles form when p1 tedches the vapor pressure at 30°C, pvap ~ 4242 Pa (from 
Table A.5), while p ~ 996 kg/m? at 30°C (Table A.1). Apply Bernoulli between 1 and 2: 
y V3 2 2 
Diy eas Pa Ds gs $3, 68 4242 (2.56V>) ite 100000 No 6 
2 p 2 996 2 996 2 


Solve for v? =34.62=2gh, or h=34.62/[2(9.81)]~1.76m Ans. 








P3.134 For the 40°C water flow in Fig. 
P3.134, estimate the volume flow through 
the pipe, assuming no losses; then explain 
what is wrong with this seemingly innocent 
question. If the actual flow rate is Q = 
40 m/h, compute (a) the head loss in ft and 
(b) the constriction diameter D which causes 
cavitation, assuming that the throat divides 
the head loss equally and that changing the 
constriction causes no additional losses. 





Fig. P3.134 


Solution: Apply Bernoulli between 1 and 2: 


v? V3 
Pip lyg we P2 4 247, or 040425~0+40+410, or: 25=102? 
Zz, * 2° > 

y 2g y 2g 
This is madness, what happened? The answer is that this problem cannot be free of losses. 
There is a 15-m loss as the pipe-exit jet dissipates into the downstream reservoir. Ans. (a) 
(b) Examining analysis (a) shows that the head loss is 15 meters. ror water at 40°C, the 
vapor pressure is 7375 Pa (Table A.5), and the density is 992 kg/m? (Table A.1). Now 
write Bernoulli between (1) and (3), assuming a head loss of 15/2 = 7.5 m: 


2 2 











v? v? 
Pi yat +97, = Ps 53 i7, eee where V3 ZQ vee = uals 
2 oD 28 A, AD D 
2 
Thus 101350 , 9 49.125) s 1375 p OOAD?Y 9. on 7.5) 


992, 2 
Solve for D* =3.75E-7 m*, or D~0.0248 m = 25 mm Ans(b) 


This corresponds to V3 = 23 m/s. 
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P3.135 The 35°C water flow of Fig. 
P3.135 discharges to sea-level standard 
atmosphere. Neglecting losses, for what 
nozzle diameter D will cavitation begin to 
occur? To avoid cavitation, should you 
increase or decrease D from this critical 
value? 





Fig. P3.135 


Solution: At 35°C the vapor pressure of 
water is approximately 5600 Pa (Table A.5). 
Bernoulli from the surface to point 3 gives the 
Torricelli result V3 = V(2gh) = V[2(32.2)(6)] = 19.66 ft/s. We can ignore section 2 and 
write Bernoulli from (1) to (3), with p1 = pvap and Az = 0: 


p Vi pm V2. 17, Vi _ 2116, V3 


or: t = t 
p32 p 2 1.93 2 1.93 2 





> 


2 
but also V; = V, (3) 
1/12 


Eliminate V, and introduce V3 = 19.66 = to obtain D* =3.07E4, D~0.132 ft Ans. 
s 


To avoid cavitation, we would keep D < 0.132 ft, which will keep p1 > pvapor. 





P3.136 Air, assumed frictionless, flows 
through a tube, exiting to sea-level atmosphere. 


Diameters at 1 and 3 are 5 cm, while D3 = 3 cm. 10 cm 


Fig. P3.136 
What mass flow of air is required to suck water 
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up 10 cm into section 2 of Fig. P3.136? 


Solution: For sea-level, take air = 1.2255 kg/m’. Section 2 must be less than atmospheric. 
How much less? Determine the pressure change for 10 cm of water: 
AD = P3—Pr = Pwater Sh = (998kg /m°)(9.81m/s°)(0.1 m) = 979 Pa 


This must be the pressure difference between sections 2 and 3. From Bernoulli’s equation, 


P w72 2 See A, D 9 
=p, = —(V; -V lus continuity: V,;=—-V, =—+V, = —V. 
P3— P2 ml 7 -Vs) p y: V3 A; ie D? 2 5512 


or: 979 Pa ak 2259 





(V3) [I- Z p l: Solve for V, = 428%, V3 =15.4 = 


Finally, rhai, = p A V; = (l. 225s T (0.05 m? (154 “= 0.037 ŽE Ans. 
S 





P3.137 In Fig. P3.137 the piston drives Dy =8in 
water at 20°C. Neglecting losses, estimate 
the exit velocity V2 ft/s. If D2 is further 
constricted, what is the maximum possible #510" ~~ €——— =e 
value of V2? À 









Solution: Find p1 from a freebody of the Fig. P3.137 
piston: 
10.0 lbf 28 lbf 


DF, =F+p,A,—p,A;, or: —p, =———_— » 28. 
fear! Pi = Pa T 48/127 ft 


Now apply continuity and Bernoulli from 1 to 2: 


v2 2 
V,A,=V,A;, or V, aa Pisy tta a Basa 
1⁄4 = V23 157° oa on 


Introduce p, —p, and substitute for V, to obtain V3 = pelea) 
1.94(1-1/16) 


V, =5.61 £ Ans. 
s 
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If we reduce section 2 to a pinhole, V2 will drop off slowly until V1 vanishes: 


Severely constricted section 2: V, = 208.09). 5.43 i Ans. 
1.94(1-0) s 





P3.138 For the sluice gate flow of Example 3.10, use Bernoulli’s equation, along the surface, 
to estimate the flow rate Q as a function of the two water depths. Assume constant width b. 


Solution: Along surface 1, down the inside of the gate, and along surface 2 is a streamline of 
the flow. Therefore Bernoulli applies if we neglect friction, and we can use continuity also: 


Continuity : Q=V hb = Q=V hb , or: V=V, (m/h) 


2 2 
Bernoulli: 264M 44,224” 44, 
P 28 Pp 2g 


2 2 
But P\ = P2 > Patmosphere » thus V3 T Vi = 28(ħ = h) 


Eliminate V; from continuity and solve for V2, hence solve for Q: 


Zg h) Zg h) 28 
V= ; =bh =bhh Ans 
a Vien e he 
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P3.139 In the spillway flow of Fig. 
P3.139, the flow is assumed uniform and 
hydrostatic at sections 1 and 2. If losses are 
neglected, compute (a) V2 and (b) the force 
per unit width of the water on the spillway. 


Solution: For mass conservation, 


5.0 
Vz =V,h,/h, “o7"! = 7.14V, Fig. P3.139 





(a) Now apply Bernoulli from 1 to 2: 
y2 y2 y2 2 
Pigen Py sh; or: 0+- 45020404W 40, 
y 2g y 2g 2g 2g 


T 


2(9.81)(5.0—0.7) 
[(7.14° -1] 








Solve for V? = „or V,=1.30 ©, V,=7.14V, =9.28 ™ Ans. (a) 
s sS 


(b) To find the force on the spillway (F <), put a CV around sections 1 and 2 to obtain 
DF, =—-F +o hi ~The =m(V,-V,), or, using the given data, 


F= 5 (9790){65.07 ~ (0.77 ]—998{(1.30)(5.0)](9.28 -1.30) = 68300 N. Ans. (©) 
m 





P3.140 For the water-channel flow of.Fig. P3.140, 1 = 1.5 m, H = 4 m, and V1 = 3 m/s. 
Neglecting losses and assuming uniform flow at sections | and 2, find the downstream depth 
h2, and show that two realistic solutions are possible. 


Solution: Combine continuity and Bernoulli between 1 and 2: 


hi 





Fig. P3.140 
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vy? ve y? 2 
aye ee 1 th +H% 2th, 1 „1.544 x CSP) iR 


h h 2g 2g 2 208) °° 3368 7 


Combine into a cubic equation: h3 — 5.959 h? +1.032 =0. The three roots are: 


h, = -0.403 m (impossible); h, = +5.93 m (subcritical); 
h, =+0.432 m (supercritical) Ans. 


P3.141 For the water channel flow of Fig. P3.141, hi = 0.45 ft, H = 2.2 ft, and V1 = 
16 ft/s. Neglecting losses and assuming uniform flow at sections 1 and 2, find the 
downstream depth h2. Show that two realistic solutions are possible. 


Solution: The analysis is quite similar to Prob. 3.177 - continuity + Bernoulli: 








Fig. P3.141 
2, 2 2 2 
V, =V; ii 1000:45), vin h, = Yy h, +H = Nat 40.45= Cathay h, +2.2 
h, hy 2g 2g 2(32.2) 2(32.2) 


Combine into a cubic equation: h} — 2.225 h> + 0.805 =0. The three roots are: 


h, =—0.540 ft (impossible); h, = +2.03 ft (subcritical); 
h, =+0.735 ft (supercritical) Ans. 
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P3.142 A cylindrical tank of diameter D contains liquid to an initial height ho. At time t 
= 0 a small stopper of diameter d is removed from the bottom. Using Bernoulli’s equation 
with no losses, derive (a) a differential equation for the free-surface height A(t) during 
draining and (b) an expression for the time fo to drain the entire tank. 





Solution: Write continuity and the unsteady Bernoulli relation from 1 to 2: 





2 2; z 2 

A ds+P2 4V2 gz, = P Vi, gz; Continuity: V, =y, ĉL=V, (2) 

, at p 2 p 2 A, d 
The integral term i = ds = £ h is very small and will be neglected, and p1 = p2.. Then 

t t 
1/2 
V = Fal , Where æ = (D/d)*; but also V, = -F, separate and integrate: 
æa- 


h 12t n 7} 4 
f E = |) f dt, or: h= ni? taal t|, &a= (>) Ans. (a) 
: a-l} + 2(a-1) d 


(b) the tank is empty when [] = 0 in (a) above, or to = [2(a@- Dg/ho]!”. Ans. (b) 





P3.143 The large tank of incompressible 
liquid in Fig. P3.143 is at rest when, at t = 0, 
the valve is opened to the atmosphere. 
Assuming h ~ constant (negligible velocities 
and accelerations in the tank), use the 
unsteady frictionless Bernoulli equation to 
derive and solve a differential equation for 
V(t) in the pipe. 





Fig. P3.143 
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Solution: Write unsteady Bernoulli from 1 to 2: 


2 2 2 
V V 

| Z asg, wy tet, where p,=p>, V, ~0, Zz) ~0, and z, =h=const 

1 


The integral approximately equals X, so the diff. eqn. is ay? =2gh 


This first-order ordinary differential equation has an exact solution for V = 0 at t= 0: 


V inat 
V = Vina tanh (“su*), where Vena = /2gh Ans. 





P3.144 A 6-cm-diameter free water jet, in sea-level air at 101,350 Pa, strikes perpendicular 
to a flat wall. If the water stagnation pressure at the wall is 213,600 Pa, estimate the force 
required to support the wall against jet momentum. 


Solution: For standard conditions, take Pwater = 998 kg/m’. The moving free jet must be at 
sea-level pressure; hence the stagnation pressure value allows us to compute the jet velocity: 


= 101,350 + i 


2 
Pp, = 213,600Pa = Pint EV a 


jet 


Solve for Vig. = (225m? /s? = B 


From many other momentum problems of this jet-striking-wall type, we found that 


F = pA „V? = (9987 (0.06m)? 11575? x 635N Ans. 
S 


support jet ” jet 





P3.145 The incompressible-flow form of Bernoulli’s relation, Eq. (3.54), is accurate only 
for Mach numbers less than about 0.3. At higher speeds, variable density must be accounted 
for. The most common assumption for compressible fluids is isentropic flow of an ideal gas, 
or p= Co, where k = cp/cv. Substitute this relation into Eq. (3.52), integrate, and eliminate 
the constant C. Compare your compressible result with Eq. (3.54) and comment. 
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Solution: We are to integrate the differential Bernoulli relation with variable density: 


p=Cp*, so dp=kCp*'dp, k= c,/c, 


Substitute this into the Bernoulli relation: 


kCp*" do 





dP apdvae des +V dV +g dz=0 
p 


Integrate: f kCp** do +] V dV +f gdz= f 0 = constant 


The first integral equals kC“ !/(k — 1) =kp/[e(k — 1)] from the isentropic relation. Thus 
the compressible isentropic Bernoulli relation can be written in the form 


k v? 
p +—+gz=constant Ans. 
(k-1)p 2 


It looks quite different from the incompressible relation, which only has “p/p.” It becomes 
more clear when we make the ideal-gas substitution p/p = RT and cp = kR/(k — 1). Then 
we obtain the equivalent of the adiabatic, no-shaft-work energy equation: 





2 
c,T+——+gz=constant Ans. 
2 





P3.146 The pump in Fig. P3.146 draws gasoline at 20°C from a reservoir. Pumps are in big 
trouble if the liquid vaporizes (cavitates) before it enters the pump. 

(a) Neglecting losses and assuming a flow rate of 65 gal/min, find the limitations on (x, y, z) 
for avoiding cavitation. (b) If pipe-friction losses are included, what additional limitations 
might be important? 


Solution: (a) From Table A.3, p= 680 kg/ m° and pv = 5.51E+4. 


Pi —P2 _ (Pat P8Y)= Py 
ps pg 

_ (100,000 — 55,100) 

~ (680)(9.81) 


ZH = yts 


z=6.73 m 


276 Solutions Manual e Fluid Mechanics, Fifth Edition 

















+ x—> 
Fig. P3.146 


Thus make length z appreciably less than 6.73m (25% less), orz<5m. Ans. (a) 
(b) Total pipe length (x + y + z) restricted by friction losses. Ans. (b) 





P3.147 For the system of Prob. 3.146, let the pump exhaust gasoline at 65 gal/min to 
the atmosphere through a 3-cm-diameter opening, with no cavitation, when x = 3 m, y = 
2.5 m, and z = 2 m. If the friction head loss is hloss ~ 3.7(V7/28), where V is the average 
velocity in the pipe, estimate the horsepower required to be delivered by the pump. 


Solution: Since power is a function of hpump, Bernoulli is required. Thus calculate the 
velocity, 











3 
(65 gaimin)| 6 0838-5 ms ) 
gal/min 
V= A? = = 5.8 m/s 
= (0.037 
42%) 
The pump head may then be found, 
2 
Py P2 i 
+7, =~ +2, +h, -h, +— 
Pn ie Oe eg 
100,000 + (680)(9.81)(2.5)_, s_ 100,000, , 3.7(5.8°) _ (5.87) 
(680)(9.81) ~ (680)(9.81) 299.81) P 29.81) 


h, =10.05 m 
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P =yQh, =(680)(9.81)(0.0041)(10.05) P=275 W=0.37hp Ans. 





P3.148 By neglecting friction, (a) use the 


Bernoulli equation between surfaces 1 and 2 


to estimate the volume flow through the orifice, 4m 
: : 2.5m 
whose diameter is 3 cm. (b) Why is the result 





to part (a) absurd? (c) Suggest a way to yV. 


resolve this paradox and find the true flow rate. Fig. P3.148 


Solution: (a) The incompressible Bernoulli equation between surfaces 1 and 2 yields 





pV _ Pa , © piba a ee eM , 
y 2g 9790 20.8) y 2g © 9790 29.8) 
This gives the absurd result 4m = 2.5m ? Ans.(a) 
(b) The absurd result arises because the flow is not frictionless. The jet of water passing 
through the orifice loses all of its kinetic energy by viscous dissipation in the right-side 
tank. (c) As we shall see in Chap. 6, we add an orifice-exit head loss equal to the jet 


kinetic energy: 


Vie Doe ma ne: 
a5 z = Np jet = 2 or Vie, = {2(9.81— (4m —2.5m) 
8 sS 
3 


Solve for Vj, =5.42—, Q =AV= 4 (0.03m)"(5.42) ~ 0.0038 P Ans(c) 
s S S 
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P3.149 The horizontal lawn sprinkler in Fig. P3.149 has a water flow rate of 
4.0 gal/min introduced vertically through the center. Estimate (a) the retarding torque 
required to keep the arms from rotating and (b) the rotation rate (r/min) if there is no re- 
tarding torque. 





Fig. P3.149 


Solution: The flow rate is 4 gal/min = 0.008912 fi?/s, and p = 1.94 slug/ft>. The 
velocity issuing from each arm is Vo = (0.008912/2)/[(7/4)(0.25/12 ft)? ] = 13.1 ft/s. Then: 





(a) From Example 3.15, @ = Me and, if there is no motion (@ = 0), 





R paR? 
T, = PQRV, = (1.94)(0.008912)(6/12)(13.1) = 0.113 ftIbf Ans. (a) 
(b) TFT, = 0, then o meon = VR = BLES -26,14 2A 250 T Ans. (©) 
/12 ft s min 





P3.150 In Prob. 3.60 find the torque caused around flange 1 if the center point of exit 2 
is 1.2 m directly below the flange center. 





Do 


Fig. P3.60 


Solution: The CV encloses the elbow and cuts through flange (1). Recall from Prob. 
3.60 that D1 = 10 cm, D2 = 3 cm, weight flow = 150 N/s, whence V1 = 1.95 m/s and V2 = 
21.7 m/s. Let “O” be in the center of flange (1). Then ro2 =—1.2j and rol = 
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The pressure at (1) passes through O, thus causes no torque. The moment relation is 
150 kg 


È Mo = To =mf(ro x V2)- (ro; x Vi )] (x 8 \i-1apx-16.64-13 99) 


or: To =-305kN-m_ Ans. 





P3.151 The wye joint in Fig. P3.151 splits the pipe flow into equal amounts Q/2, which 
exit, as shown, a distance Ro from the axis. Neglect gravity and friction. Find an 
expression for the torque T about the x axis required to keep the system rotating at 
angular velocity Q. 








Fig. P3.151 
Solution: Let the CV enclose the junction, cutting through the inlet pipe and thus 
exposing the required torque T. If y is “up” in the figure, the absolute exit velocities are 


Vapper = Vo cosĝÂi+ V sin j+R Qk; Viger = Vo cosGi- V, sind j-R,Qk 


upper 


where Vo = Q/(2A) is the exit velocity relative to the pipe walls. Then the moments about 
the x axis are related to angular momentum fluxes by 


x Maxis =Ti= (pQ/2)(R,j) x Vipa T (pQ/2)(-R,j) x Viower Sr, PQ(Tintet Viniet ) 


7 PR (RIQi-R,V,0 k) +2 (RI01+R,V,0 k)— pQ(0) 


Each arm contributes to the torque via relative velocity (QRo). Other terms with Vo cancel. 


Final torque result: T= pQR?Q=mR?Q_ Ans. 
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P3.152 Modify Ex. 3.19 so that the arm 
starts up from rest and spins up to its final 
rotation speed. The moment of inertia of 
the arm about O is Io. Neglect air drag. 
Find døæ/dt and integrate to determine a(t), 
assuming @=0 att=0. 


Absolute outlet 
velocity 





cv 
a 
torque To 
Solution: The CV is shown. Apply clock- 
wise moments: ) , 
=M, ~f (rxa,q) dm= f (rxV) dr, Sr 
es Fig. 3.16 View from above of a single arm of 
oe: SET, £ = pQ(R?o -RV,), a rotating lawn sprinkler. 


2, 
do | pQR we PQRV, -T, 
dt I I 


o o 


or: 


Integrate this first-order linear differential equation, with œ= 0 at t = 0. The result is: 


V, T, -pQR? 
o-[%- DQR? Ji- aR = Ans. 
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P3.153 The 3-arm lawn sprinkler of 








Fig. P3.153 receives 20°C water through Ds on 
the center at 2.7 m*/hr. If collar friction is a pe ane 
neglected, what is the steady rotation rate i 5 
in rev/min for (a) 0= 0°; (b) 0 = 40°? r S 
i ok 'g 
Solution: The velocity exiting each arm is eo a 
Q3 _-2.7/[(3600)(3)] m PS ger 
° = gee Fig. P3.153 
(7/4)d (27/4)(0.007) s ig. P3.15 
With negligible air drag and bearing friction, 
the steady rotation rate (Example 3.15) is 
ae V,cos@ @ 00: o= (6.50)cos0 -433 rad -414 I Ans. (a) 
R 0.15 m s min 


(b)0=40°: w=a,cos0 =(414)cos40°=317 “Ans. (b) 
min 





P3.154 Water at 20°C flows at 30 


gal/min through the 0.75-in-diameter a 

double pipe bend of Fig. P3.154. The ew | 
pressures are pl = 30 Ibf/in* and p2 = 24 SN ” | 
lbf/in?. Compute the torque T at point B NN 3 tt 
necessary to keep the pipe from rotating. “a NN | © 


Solution: This is similar to Example 3.13, 

of the text. The volume flow Q = 30 gal/min = Fig. P3.154 
0.0668 ft?/s, and p= 1.94 slug/ft?. Thus the 

mass flow pQ = 0.130 slug/s. The velocity 

in the pipe is 





0.0668 21.8 ft 


V, =V, =Q/A = =21. 
WTR (7/4)(0.75/12)° s 


If we take torques about point B, then the distance “h1,” from p. 143, = 0, and h2 = 3 ft. 
The final torque at point B, from “Ans. (a)” on p. 143 of the text, is 


Ty =h,(p,A, +mV,) = (3 fi)[(24 psi) 7 (0.75 in)? +(0.130)(21.8)] = 40 ft-Ibf Ans. 
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P3.155 The centrifugal pump of Fig. 
P3.155 has a flow rate Q and exits the 
impeller at an angle @ relative to the blades, 
as shown. The fluid enters axially at section 
1. Assuming incompressible flow at shaft 
angular velocity œ, derive a formula for the 
power P required to drive the impeller. 





Solution: Relative to the blade, the fluid 
exits at velocity Vrel,2 tangent to the blade, 
as shown in Fig. P3.116. But the Euler vei Vn2 
turbine formula, Ans. (a) from Example 3.14 
of the text, 





Torque T = pQ(t,V, —1 Vi) 
= PQrV, (assuming V,, ~ 0) 





involves the absolute fluid velocity tangential to the blade circle (see Fig. 3.13). To 
derive this velocity we need the “velocity diagram” shown above, where absolute 
exit velocity V2 is found by adding blade tip rotation speed @r2 to Vrel,2. With 
trigonometry, 


Q 


Vo =bØ@-V p cot, where V,, =Q/A 
27rb, 


is the normal velocity 


exit 


With torque T known, the power required is P = Ta. The final formula is: 


Q Jeta, | Ans. 
ar,b, 


P3.156 <A simple turbomachine is con- 2 cm 
structed from a disk with two internal 2 22L LLL. t 
ducts which exit tangentially through 

square holes, as in the figure. Water at 
20C enters the disk at the center, as 
shown. The disk must drive, at 250 rev/min, 
a small device whose retarding torque is 
1.5 N-m. What is the proper mass flow 
of water, in kg/s? 





P= pono no = í 5 





32 cm — 0 
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Solution: This problem is a disguised version of the lawn-sprinkler arm in Example 3.15. 
For that problem, the steady rotating speed, with retarding torque To, was 


V, T, 


E = o 


-R pR? 





where V, is the exit velocity and R is the arm radius. 


Enter the given data, noting that Q = 2Vo(ALexit)? is the total volume flow from the 
two arms: 





27) rad _— V, 1.5N-m 


60 


o= 250{ z > 
s 0.16m 998(2V,)(0.02 m)?(0.16 m) 


solve V, =6.11 a 
s 


The required mass flow is thus, 


in = 20 = [998 x) (efs m)) (0.02 m}? =2.44 s Ans. 





P3.157 Reverse the flow in Fig. P3.155, 
so that the system operates as a radial- 
inflow turbine. Assuming that the outflow 
into section 1 has no tangential velocity, 
derive an expression for the power P 
extracted by the turbine. 





Solution: The Euler turbine formula, “Ans. (a)” from Example 3.14 of the text, is valid 
in reverse, that is, for a turbine with inflow at section 2 and outflow at section 1. The 
torque developed is 


T, = PQ(HVy —1Vi) = PQHVy if Vi 0 


The velocity diagram is reversed, as shown in the figure. The fluid enters the turbine 
at angle 62, which can only be ensured by a guide vane set at that angle. The absolute 
tangential velocity component is directly related to inlet normal velocity, giving the 
final result 


Q 


Vo = Va2 COCA, Vag =———, 
t2 2 2 2 27mb, 


thus P=oT, = pQor, (52) cot@, Ans. 


TYD, 
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P3.158 Revisit the turbine cascade 
system of Prob. 3.78, and derive a formula 
for the power P delivered, using the 
angular-momentum theorem of Eq. (3.59). 


Solution: To use the angular momentum 
theorem, we need the inlet and outlet 
velocity diagrams, as in the figure. The 
Euler turbine formula becomes 


T, = PQQ) Vi — Vin) & PQR(Vi1 - Vo) 


since the blades are at nearly constant radius R. From the velocity diagrams, we find 





V,, =ut+V,) cota; Vi». =u-—V,, cota,, where Va = Vp = V, cos A, 
The normal velocities are equal by virtue of mass conservation across the blades. Finally, 


P = pQo@R(V,, — Viz) = PQuY, (cota, +cota,) Ans. 





P3.159 A centrifugal pump delivers 4000 gal/min of water at 20°C with a shaft rotating 
at 1750 rpm. Neglect losses. If r1 = 6 in, r2 = 14 in, b1 = b2 = 1.75 in, Vtl = 10 ft/s, and V12 
= 110 ft/s, compute the absolute velocities (a) V1 and (b) V2, and (c) the ideal 
horsepower required. 


Solution: First convert 4000 gal/min = 8.91 fi?/s and 1750 rpm = 183 rad/s. For water, 
take p= 1.94 slug/ft?, The normal velocities are determined from mass conservation: 
Q 8.91 19.5 ft Q ft 


Vu = = =19.5 —; Vy= =8.34 
2nrb,  27(6/12)(1.75/12) s 27mb, s 





Then the desired absolute velocities are simply the resultants of Vt and Vn: 


ft 


V, =[00)} +(19.45} ]? =22 V, =[(110)? +(8.3)7]2 =110 
S 





i Ans. (a, b) 
s 
The ideal power required is given by Euler’s formula: 

P = pQøolt Vo -1 Va) = (1.94)(8.91)(183)[(14/12)(1 10) - (6/12)(10)] 


=391,000 iibf 





=710hp Ans. (c) 
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P3.160 The pipe bend of Fig. P3.160 pore 

has D1 = 27 cm and D2 = 13 cm. When =a 

water at 20°C flows through the pipe at T! 

4000 gal/ min, p1 = 194 kPa (gage). 

Compute the torque required at point B to Li 
| 





hold the bend stationary. 


Solution: First convert Q = 4000 gal/ “Ppi 
min = 0.252 m?/s. We need the exit velocity: Fig. P3.160 


0.252 0 ™ Meanwhile, V, = Q/A; =4.4 © 
S 


ARA AO Ss 


We don’t really need V1, because it passes through B and has no angular momentum. 
The angular momentum theorem is then applied to point B: 
ÈM; =T; +r; xp;A j +r, x p2A, (i) = mr, x V, =r; x V, ) 
But rl and p2 are zero, 
hence T, = m(r, x V,) = pQ[(0.5i+ 0.5j) x (19.0i)] 
Thus, finally, TB = (998)(0.252)(0.5)(19.0)(—k) = -2400 k N-m (clockwise) Ans. 





P3.161 Extend Prob. 3.46 to the problem of computing the center of pressure L of the 
normal face Fn, as in Fig. P3.161. (At the center of pressure, no moments are required to 
hold the plate at rest.) Neglect friction. Express your result in terms of the sheet thickness 
h1 and the angle @ between the plate and the oncoming jet 1. 


Fig. P3.161 


Solution: Recall that in Prob. 3.46 of this Manual, we found h2 = (h1/2)(1 + cos@) and 
that h3 = (h1/2)(1 — cos@), where @ is the angle between the plate and the horizontal. . 
The force on the plate was Fn = pQVsin@. Take clockwise moments about O, where the 
jet strikes the plate, and use the angular momentum theorem: 


2M, =—F,L =m |r x V2|;+ i3|r30 x V3|2— My Mo x Vil, 
= pVh, (hy V/2) + pVh,(—h,V/2)—0 = (1/2)pV? (h3 —h3) 
(/2)pV"(h3-h3) — (h} -h}) 


Thus L= - — = Eh cot@ Ans. 
pVv’h sind 2hsin@ 2 





The latter result follows from the (h1, h2, h3) relations in 3.46. The C.P. is below point 
O. 





P3.162 The waterwheel in Fig. P3.162 is 
being driven at 200 r/min by a 150-ft/s jet 
of water at 20°C. The jet diameter is 2.5 in. 
Assuming no losses, what is the horse- 
power developed by the wheel? For what 
speed Q r/min will the horsepower developed 
be a maximum? Assume that there are many 





buckets on the waterwheel. 

Solution: First convert Q = 200 rpm = Ta l 
20.9 rad/s. The bucket velocity = Vb = = 
QR = (20.9)(4) = 83.8 ft/s. From Prob. 3.51 Fig. P3.162 


of this Manual, if there are many buckets, 
the entire (absolute) jet mass flow does the 
work: 


P = fje Va (Vje — Vp (1 - C08 165°) = PA ja Vja Va (V; 


jet ' jet 


-V,)(1.966) 


et et 


2 
= 1.942(25) (150)(83.8)(150 —83.8)(1.966) 


= 108200 oe =197hp Ans. 
S 


Prob. 3.51: Max. power is for Vb = Vjet/2 = 75 ft/s, or Q = 18.75 rad/s = 179 rpm Ans. 
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P3.163 A rotating dishwasher arm delivers at 60°C to six nozzles, as in Fig. P3.163. 
The total flow rate is 3.0 gal/min. Each nozzle has a diameter of + in. If the nozzle flows 
are equal and friction is neglected, estimate the steady rotation rate of the arm, in r/min. 








Fig. P3.163 
Solution: First we need the mass flow and velocity from each hole “i,” i = 1 to 6: 
= Q: _ (3.0/448.8)/6 ~ 5.8] ft ie PQ ni ( 488). 0.00216 slug 
i s s 
(al a(s) 


Recall Example 3.15 from the text. For each hole, we need the absolute velocity, Vi — Ori. 
The angular momentum theorem is then applied to moments about point O: 


ÈZ Mo =T, = Zh; (Ko x Vi abs) — mi, V; in =} m;n (V; cos 40° — Qr;) 


All the velocities and mass flows from each hole are equal. Then, if To = 0 (no friction), 


2m Vj cos40? _y i 005400 ÈS =(5.81)(0. 766) >= = 4.25 0-41 rpm Ans. 


Emr? r? 


Q= 





P3.164 A liquid of density p flows through a 90° bend as in Fig. P3.164 and issues 
vertically from a uniformly porous section of length L. Neglecting weight, find a result 
for the support torque M required at point O. 





Fig. P3.164 
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Solution: Mass conservation requires 


dQ 


X 


L 
Q= | Vy (zd)dx = Vyr dL, or: =mdVy 
0 


Then the angular momentum theorem applied to moments about point O yields 
L 
EMo =T = Í (ro x V)dinu = f R +x)Vy pr dVy dx 
cs 0 
L 
Z SPAS [IR +x)? =R7]|, 


Substitute Vwzd L = Q and clean up to obtain Ty = pov, (R + 5] kf Ans. 
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P3.165 Given a steady isothermal flow 
of water at 20°C through the device in 
Fig. P3.165. Heat-transfer, gravity, and 
temperature effects are negligible. Known 
data are D1 = 9 cm, Q1 = 220 m/h, pl = 
150 kPa, D2 = 7 cm, Q2 = 100 mĉ/⁄b, p2 = 
225 kPa, D3 = 4 cm, and p3 = 265 kPa. 
Compute the rate of shaft work done for 
this device and its direction. 





Fig. P3.165 


Solution: For continuity, Q3 = Q1 —- Q2 = 120 m?/hr. Establish the velocities at each port: 
_Q _ 2203600 9, m. ,, _ 1003600 __,, m, ,, _1203600_,,, m 


> 2: > 3 


A, 2(0.045" 8s 70.035" s (0.02) s 





1 


With gravity and heat transfer and internal energy neglected, the energy equation becomes 


2 2 2 
Q-W, W, (2 El e,{ a) a [2 „Yi } 
ps 2 py 2 A 2 
225000 | on] _ 120 ge esa 


3600) 998 2 





w/p- 1% 


or: H 
ee al 998 2 











|, 220 sae cor 


ae + 
3600| 998 2 


Solve for the shaft work: W, =998(—6.99 — 20.56 + 12.00) ~ -15500 W Ans. 
(negative denotes work done on the fluid) 





P3.166 A power plant on a river, as in eae Bell 
Fig. P3.166, must eliminate 55 MW of 
waste heat to the river. The river 
conditions upstream are Q1 = 2.5 m/s 
and T1 = 18°C. The river is 45 m wide 
and 2.7 m deep. If heat losses to the 
atmosphere and ground are negligible, 
estimate the downstream river conditions 


(Q0, To). 











Te Oi Ty 
Fig. P3.166 
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Solution: For water, take cp = 4280 J/kg:°C. For an overall CV enclosing the entire 
sketch, 


Q = Mout (Cp Tout) x. Min (c,Tin)s 
or: 55,000,000 W ~ (998x2.5)[4280T,,, —4280(18)], solve for T,,, ¥23.15°C Ans. 


The power plant flow is “internal” to the CV, hence Q,,, =Q;, =2.5m°/s. Ans. 





P3.167 For the conditions of Prob. 3.166, if the power plant is to heat the nearby river 
water by no more than 12°C, what should be the minimum flow rate Q, in m/s, through 
the plant heat exchanger? How will the value of Q affect the downstream conditions 


(Qo, To)? 


Solution: Now let the CV only enclose the power plant, so that the flow going through 
the plant shows as an inlet and an outlet. The CV energy equation, with no work, gives 


Q piant = MoutCp Tout =M;nCpT; = (998)Q plant (4280)(12°C) since Qin = Qout 


in“p “in 


55,000,000 


—> > x1.07m?/s Ans. 
(998)(4280)(12) 


Solve for Qplant = 


It’s a lot of flow, but if the river water mixes well, the downstream flow is still the same. 





P3.168 Multnomah Falls in the Columbia River Gorge has a sheer drop of 543 ft. Use 
the steady flow energy equation to estimate the water temperature rise, in °F, resulting. 


Solution: For water, convert cp = 4200 x 5.9798 = 25100 ft-lbf/(slug-°F). Use the 
steady flow energy equation in the form of Eq. (3.70), with “1” upstream at the top of 
the falls: 


h +5 Vi ten =h, Iivi +8gz, -q 


Assume adiabatic flow, q = 0 (although evaporation might be important), and neglect the 
kinetic energies, which are much smaller than the potential energy change. Solve for 


q 232264) 


Ah =c AT = g(z, -—Z,), or: 
p g(zı -Z2) 25100 


z0.70°F Ans. 
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P3.169 When the pump in Fig. P3.169 
draws 220 m°/h of water at 20°C from the 
reservoir, the total friction head loss is 5 m. 
The flow discharges through a nozzle to 
the atmosphere Estimate the pump power 
in kW delivered to the water. 


Solution: Let “1” be at the reservoir surface 
and “2” be at the nozzle exit, as shown. We 
need to know the exit velocity: 








Fig. P3.169 
V, =Q/A, = aaa = 31.12 =, while V, ~ 0 (reservoir surface) 
(0.025) s 
Now apply the steady flow energy equation from (1) to (2): 
2 2 
Bigg Mt +z, = 22 ae +2) +h; —h,, 
pg 2g pg 2g 


or: 0+0+0=0+(31.12)}/[2(9.81)]+2+5-h,, solve for h, ~ 56.4 m. 


The pump power P = pgQhp = (998)(9.81)(220/3600)(56.4) 
= 33700 W =33.7 kW Ans. 





P3.170 A steam turbine operates steadily under the following conditions. At the inlet, p = 2.5 
MPa, T = 450°C, and V= 40 m/s. At the outlet, p = 22 kPa, T = 70°C, and V = 225 m/s. (a) If 
we neglect elevation changes and heat transfer, how much work is delivered to the turbine 
blades, in kJ/kg? (b) If the mass flow is 10 kg/s, how much total power is delivered? (c) Is the 
steam wet as it leaves the exit? 


Solution: This problem is made to order for the general steady-flow energy equation (3.70). 





S v 


Nera 1,2 
pM Seas Tek Va tee q+ we, +w 


The viscous work wy is zero because the control volume has all no-slip surfaces. Look up the 
two enthalpies of steam, in the Steam Tables or with EES: 

At 2.5 MPa and 450°C, fh, = 3351 kJ/kg (or 3,351,000 J/kg or m’/s’) 

At 22 kPaand 70°C, fy = 2628 kJ/kg (or 2,628,000 J/kg or m’/s’) 
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The energy equation thus becomes 


3,351,000 + (1/2X(40m/ s)? + 0 = 2,628,000 + (1/2)(225m/ s)? — 0 + w, +0 
Ah + A(KE) = 723,100 — 24,500 = 698,600 J/kg = +698.6 kJ/kg Ans.(a) 


(b) For the given mass flow of 10 kg/s of steam, the overall power extracted is 
Power = (10 kg/s)(698.6 kJ/kg) = 6986 kJ⁄s =~ 7.0 MW Ans.(b) 


(c) For the exit pressure of 22 kPa, EES states that the saturation temperature of steam is 
62°C, less than the exit temperature of 70°C. The exit is just barely into the superheat 


region. Ans.(c) 
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P3.171 Consider a turbine extracting 
energy from a penstock in a dam, as in the 
figure. For turbulent flow (Chap. 6) the 
friction head loss is hf = CQ’, where the 
constant C depends upon penstock 
dimensions and water physical properties. 
Show that, for a given penstock and river 
flow Q, the maximum turbine power possible 


293 


is Pmax = 2egHQ/3 and occurs when Q = 


(H3c)", 









H 


Solution: Write the steady flow energy equation from point | on the upper surface to 


point 2 on the lower surface: 


Pi „V g- 


v 





ps 2g ps 2g 


tO+h, +h, 


turbine 


But pl = p2 = patm and V1 ~ V2 ~ 0. Thus the turbine head is given by 


h,=H-h, =H-CQ’, 
or: Power =P = pgQh, = pgQH — pgCO° 


Differentiate and set equal to zero for max power and appropriate flow rate: 


eS pgH-3pgCO’ =0 if Q=VHBC Ans. 


dQ 


Insert Q in P to obtain Paas = PZQ (=) Ans. 





P3.172 The long pipe in Fig. 3.172 is 
filled with water at 20°C. When valve A is 
closed, p1 — p2 = 75 kPa. When the valve 
is open and water flows at 500 m/h, pl- 
p2 = 160 kPa. What is the friction head 
loss between 1 and 2, in m, for the flowing 
condition? 







Constani- 
diameter 
pipe 


Fig. P3.172 
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Solution: With the valve closed, there is no velocity or friction loss: 


Pi izz, or: z,—z, = PrP = 75000 








pg pg pg 9989.8) 
When the valve is open, the velocity is the same at (1) and (2), thus “d” is not needed: 
2x72 
With flow: Hoe Pig Vi Mag pes ars) 600 oy Goa ta Ans. 
pg 2g 998(9.81) 





P3.173 A 36-in-diameter pipeline carries 

oil (SG = 0.89) at 1 million barrels per day 

(bbl/day) (1 bbl = 42 U.S. gal). The friction Pump D=36in Pump 
head loss is 13 ft/1000 ft of pipe. It is planned 0—0 > 
to place pumping stations every 10 mi along w < 10 miles 2 


the pipe. Estimate the horsepower which 
must be delivered to the oil by each pump. 


Solution: Since AV and Az are zero, the energy equation reduces to 





he=2P, and h; =0.013 ae mi( 5280 2) ~ 686 ft 
pg ft-pipe mi 
Convert the flow rate from 1E6 bbl/day to 29166 gal/min to 65.0 ft?/s. Then the power is 
ft-lbf 


P =QAp = Qh, = (62.4)(65.0)(686) = 2.78E6 





~5060hp Ans. 





P3.174 The pump-turbine system in © 2, = 150% 
Fig. P3.174 draws water from the upper ‘ feay 
reservoir in the daytime to produce power 
for a city. At night, it pumps water from 





el Pump. 
ND turbine 





lower to upper reservoirs to restore the SSP © eaei 
situation. For a design flow rate of 15,000 gal/ SE eae 
min in either direction, the friction head ~ J 

loss is 17 ft. Estimate the power in kW 


(a) extracted by the turbine and (b) delivered Fig. P3.174 
by the pump. 
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Solution: (a) With the turbine, “1” is upstream: 





2 2 
Pi ea +z, = 22 (Do heh, 
pg 2g pg 2g 


or: 0+0+150=0+0+25+17=h, 


Solve for ht = 108 ft. Convert Q = 15000 gal/min = 33.4 fi>/s. Then the turbine power is 


P = y Qh, = (62.4)(33.4)(108) = 225,000 fbf 410 hp Ans. (a) 
S 


(b) For pump operation, point “2” is upstream: 





2 2 
Dig Va gy P 1 +2, +h; —h,, 
pg 2g pg 2 





or: 0+0+25=0+0+150+17-h, 


Solve for h, ~142 ft 


The pump power is Ppump = Qhp = (62.4)(33.4)(142) = 296000 ft-lbf/s = 540 hp. Ans. 
(b) 





P3.175 Water at 20°C is delivered from one reservoir to another through a long 8-cm- 
diameter pipe. The lower reservoir has a surface elevation z2 = 80 m. The friction loss in 
the pipe is correlated by the formula hloss ~ 17.5(V7/2g), where V is the average velocity 
in the pipe. If the steady flow rate through the pipe is 500 gallons per minute, estimate the 
surface elevation of the higher reservoir. 


Solution: We may apply Bernoulli here. Convert 500 gal/min = 0.0315 m’/s. 








2 
py picks 
2g 
2 
17.5 0.0315m>/s Sia 
= % 
2(9.81 m/s”)| (27 /4)(0.08m)" i 


z,2115m_ Ans. 
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P3.176 A fireboat draws seawater (SG = 1.025) from a submerged pipe and discharges it 
through a nozzle, as in Fig. P3.176. The total head loss is 6.5 ft. If the pump efficiency is 75 
percent, what horsepower motor is required to drive it? 


Pump 


D=2in 






SE 120 fils 
(2) 
a) 


Fig. P3.176 


Solution: For seawater, y= 1.025(62.4) = 63.96 lbf/ft?. The energy equation becomes 


Pi, Vi. om Vi 


+ Al + 
pg 2g pg 2g 


2 
or: 0+0+0=04+ 02) 4 1046.5-h, 
2(32.2) 


+Z, +hp —h,, 


Solve for hp = 240 ft. The flow rate is Q = V2A2 = (120)(/4)(2/12)? = 2.62 ft3/s. Then 


yQh, _ (63.96)(2.62)(240) 
efficiency 0.75 


pump 


= 53600 


fbf o7 hp Ans. 
S 





P3.177 A device for measuring liquid viscosity is shown in Fig. P3.177. With the 
parameters (p, L, H, d) known, the flow rate Q is measured and the viscosity calculated, 
assuming a laminar-flow pipe loss from Chap. 6, ht= (32uLV)/(pgd’). Heat transfer and 
all other losses are negligible. (a) Derive a formula for the viscosity x of the fluid. (b) 
Calculate u for the case d = 2 mm, p= 800 kg/m’, L=95 cm, H = 30 cm, and Q = 760 
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em*/h. (c) What is your guess of the fluid in part (b)? (d) Verify that the Reynolds 
number Rey is less than 2000 (laminar pipe flow). 


Fig. P3.177 





Solution: Use energy Eq. (3.75) so we don’t forget the laminar kinetic energy correction 
factor a: 


} 


2 2 
Py œ Vi _ P2 @ Vi 


pg 2g pg 2g + Z + Murbine pump H hy 








2 
32uLV. 
0+ 0 + H+L= 0+ V +04+0-03 ae 
2g pgd 
Introduce Q =(z/4)(d’)(V2), rewrite, and solve for 4E 


_ TPE d’ 
128 LQ 





(H +L) - Sre Ans.(a) 


(b) Introduce the given data and compute the viscosity of the liquid. Convert Q to 
(760cm?/h)/(3600s/h)/(1E6cm°/m’°) = 2.11E-7 m?/s. Recall that œ = 2.0. Then 








4 
_ (800)(9.81)(0.002)" 9 35 4 0,95) — (2-0)(800)(2.118 -7) 
128(0.95)(2.11E - 7) 16 z (0.95) 
= 0.0192 — 0.000007 = 0.0192 8 Ans.(b) 
m-s 


(c) From Table A.4, both and p seem to fit kerosene very well. Ans.(c) 


Chapter 3 e Integral Relations for a Control Volume 299 


(d) Check the diameter Reynolds number of this flow: 


_pVd_ 4pQ _ 4(800)(2.11E —7) 
u mud z (0.0192)(0.002) 
The flow is so slow (0.067 m/s) that the kinetic energy term is negligible. 





Reg = 5.6 << 2000 OK, laminar 





P3.178 The horizontal pump in Fig. P3.178 myr O KPa 
discharges 20°C water at 57 m>/h. Neglecting _~ 400 kPa 
losses, what power in kW is delivered to the = 
water by the pump? 











Pump 





D, =3 cm Dy = 9.em 
Solution: First we need to compute the Fig. P3.178 
velocities at sections (1) and (2): 
ve Q ale. -24 m, V= Q_ ace -224 ® 
A; 7(0.045) s A, (0.015) s 


Then apply the steady flow energy equation across the pump, neglecting losses: 


2 2 
Pi Yi pz = P2 Anai h,, 


pg 2g | pg 2g ’ 
2 2 
120009 + Ge) +0 = 400000 + Gee) +0+0—h,, solve for h, * 53.85 m 
9790  2(9.81) 9790 2(9.81) 





p 





Then the pump poweris P, =7Qh, = 970-22 (s385) =8350 W=8.4 kW Ans. 





P3.179 Steam enters a horizontal turbine at 350 Ibf/in2 absolute, 580°C, and 12 ft/s and 
is discharged at 110 ft/s and 25°C saturated conditions. The mass flow is 2.5 Ibm/s, and 
the heat losses are 7 Btu/Ib of steam. If head losses are negligible, how much horsepower 
does the turbine develop? 


Solution: We have to use the Steam Tables to find the enthalpies. State (2) is saturated 
vapor at 25°C = 77°F, for which we find h2 ~ 1095.1 Btu/Ibm ~ 2.74E7 ft-lbf/slug. At 
state (1), 350 psia and 580°C = 1076°F, we find hi ~ 1565.3 Btu/lbm ~ 3.92E7 
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ft-lbf/slug. The heat loss is 7 Btu/lbm ~ 1.75E5 ftlbf/slug. The steady flow energy 
equation is best written on a per-mass basis: 


Ly lo 
—w, =h,+—V>5-h,-—Vj,_ or: 
q—W, = Ty 72 Na 


1.75E5—w, = 2.74E7 +(110)’/2-3.92E7—(12)"/2, solve for w, *1.16E7 = 
slug 





The result is positive because work is done by the fluid. The turbine power at 100% is 


Paw =tiw, =( 25 rd 1.1687 Pf) _oo1000 BPE 1640 hp Ans. 
me W322. “as slug s 











P3.180 Water at 20°C is pumped at 1500 
gal/ min from the lower to the upper 
reservoir, as in Fig. P3.180. Pipe friction 
losses are approximated by hf ~ 27V? /(2g), 
where V is the average velocity in the pipe. 
If the pump is 75 percent efficient, what 
horse-power is needed to drive it? 











Fig. P3.180 
Solution: First evaluate the average velocity in the pipe and the friction head loss: 
3 2 
Ge 2334 È, so y=-Q-—234 = =17.0 i nd Hig Oe ea 
448.8 s A 7(3/12) s 2(32.2) 


Then apply the steady flow energy equation: 


2 2 
Pi „Yi +z, = 22 po ee he h,» 
Pg 2g Pg 2g 


or: 0+0+50=0+0+150+121-h, 
h. 
Thus h, =221 ft, so Poig 7b, _ (6298392) 
n 0.75 


-61600 ÊE 





zx112hp Ans. 





P3.181 A typical pump has a head which, for a given shaft rotation rate, varies with the 
flow rate, resulting in a pump performance curve as in Fig. P3.181. Suppose that this 
pump is 75 percent efficient and is used for the system in Prob. 3.180. Estimate (a) the 
flow rate, in gal/min, and (b) the horsepower needed to drive the pump. 


300 kee S WRO AEE 








200 





Head, ft 


Flow rate, ft3/s 


Fig. P3.181 


Solution: This time we do not know the flow rate, but the pump head is hp ~ 300 — 
50Q, with Q in cubic feet per second. The energy equation directly above becomes, 


2 


V T 3 
0+0+50=0+0+150+(27 300-50Q), where Q=V— (0.5 ft 
( 7622 ( Q) Where Qe OI 





This becomes the quadratic Q?+4.60Q-18.4=0, solve for Q ~2.57 ft*/s [NOTE: 
The second solution, Q = 7.17 ft/s, is far outside the range of Fig. P3.181.] 


_ ¥Qh, — (62.4)(2.57)[300 — 50(2.57)] 
n 0.75 

ft-lbf 

oso 


Then the power is P ump 


=36700 67hp Ans. 
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P3.182 The insulated tank in Fig. P3.182 rene 
is to be filled from a high-pressure air valve T, ane 
supply. Initial conditions in the tank are T | Te’? =204 ee 


= 20°C and p = 200 kPa. When the valve is | Aten 
opened, the initial mass flow rate into the ~ 
tank is 0.013 kg/s. Assuming an ideal gas, Fig: P3-182 
estimate the initial rate of temperature rise of 

the air in the tank. 











Solution: For a CV surrounding the tank, with unsteady flow, the energy equation is 





d a gebe yyl Waa 2 
all epdv) ig 5 ez] Q- Wear =9, neglect V°/2 and gz 


; d . dT do 
Rewrite as —(puc,T)*m,,c,T,, = pvc, —+c,Tv — 
dt (p vV ) mpm P vV dt vV dt 


where p and T are the instantaneous conditions inside the tank. The CV mass flow gives 
d . do . 

— dvj-m p =0, or: v—=Mn 

dt (J a ) Ps dt 

Combine these two to eliminate u(dp/dt) and use the given data for air: 


dT, —m(c,—c,)T  (0,013)(1005—718)(293) a4 °C 


d an 200000 z ans: 
t UC s 
= | oer oz 718) 








P3.183 The pump in Fig. P3.183 creates 
a 20°C water jet oriented to travel a maxi- 
mum horizontal distance. System friction 
head losses are 6.5 m. The jet may be 
approximated by the trajectory of friction- 
less particles. What power must be deli- 
vered by the pump? 





Fig. P3.183 


Solution: For maximum travel, the jet must exit at O= 45°, and the exit velocity must be 


/ 
Gad [2(9.81)(25)]" 


V, sin@ = ./2gAz or: 
EAZ max sin 45° 


s33 = 
S 


The steady flow energy equation for the piping system may then be evaluated: 


p/7 + Vi/2g+z, =p)/y+V5/2g+z, +h, —h,, 
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or: 0+0+15=0+(31.32) [2(9.81)]+2+6.5-h,, solve for h, ~ 43.5 m 


Then P yQh, =(9790)| = (0.056132) (43.5) = 26200 Ans. 


pump 7 





P3.184 The large turbine in Fig. P3.184 
diverts the river flow under a dam as 
showt: System friction losses are hf = 
3.5V2 /(2g), where V is the average velocity 
in the supply pipe. For what river flow rate 
in m/s will the power extracted be 25 MW? 
Which of the two possible solutions has a 
better “conversion efficiency”? 





Fig. P3.184 


Solution: The flow rate is the unknown, with the turbine power known: 
2 


2 
Dig Virgo Pa VO sh or: 0+0+50=0+0+10+h; +h 
y 2g y 2g 
2 Q 
where hyp =3.5Vji,-/(2g) and h,=P,/(yQ) and Voie = Gaye, 


pipe 
Introduce the given numerical data (e.g. Dpipe = 4 m, Ppump = 25E6 W) and solve: 


Q* —35410Q +2.261E6=0, with roots Q =+76.5, + 137.9, and —214.4 m/s 


The negative Q is nonsense. The large Q (137.9m’/s) gives large friction loss, hf ~ 21.5 m. 
The smaller Q (76.5 m’/s) gives hf ~ 6.6 m, about right. Select Qriver = 76.5 m/s. Ans. 





P3.185 Kerosene at 20°C flows through the pump in Fig. P3.185 at 2.3 fi3/s. Head losses 
between | and 2 are 8 ft, and the pump delivers 8 hp to the flow. What should the mercury- 
manometer reading h ft be? 
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Solution: First establish the two velocities: 
Q 2.3 ft?/s 


A, (a/4)(3/12 fo 


ft 1 
s 4 s 


17 


D,=6in 





Mercury 


Fig. P3.185 


For kerosene take p = 804 kg/m? = 1.56 slug/ft?, or yk = 1.56(32.2) = 50.2 Ibf/ft?. For 
mercury take ym = 846 lbf/ft?. Then apply a manometer analysis to determine the 
pressure difference between points 1 and 2: 





Pr -P =m Yh - Az = (846 — 50.2)h [soa | ft)=796h-251 = 
t t 


Now apply the steady flow energy equation between points | and 2: 


2 2. 
CEEE E ahh nerf’ de E UE eat 
Yk 28 % 28 7,2  (50.2)(2.3 fr’/s) 


p, 69} oP UT 


Thus: H + ł 
50.2 2(32.2) 50.2 2(32.2) 





+5+8-38.1 ft Solve p, —p, =2866 a 
ft 


Now, with the pressure difference known, apply the manometer result to find h: 


py = 28664251 lbf/ ft? 


> =3.92 ft Ans. 
796 Ibf/ft 


Pa — P, = 2866 =796h—251, or: 





Chapter 3 e Integral Relations for a Control Volume 305 


FUNDAMENTALS OF ENGINEERING EXAM PROBLEMS: Answers 


FE3.1 In Fig. FE3.1 water exits from a nozzle into atmospheric pressure of 101 kPa. If 
the flow rate is 160 gal/min, what is the average velocity at section 1? 
(a)2.6 m/s (b)0.81 m/s (c)93 m/s (d)23 m/s (e) 1.62 m/s 


FE3.2 In Fig. FE3.1 water exits from a nozzle into atmospheric pressure of 101 kPa. If 
the flow rate is 160 gal/min and friction is neglected, what is the gage pressure at section 1? 
(a)1.4kPa (b)32kPa (c)43kPa (d)22kPa (e) 123 kPa 
FE3.3 In Fig. FE3.1 water exits from a nozzle into atmospheric pressure of 101 kPa. If 
the exit velocity is V2 = 8 m/s and friction is neglected, what is the axial flange force 
required to keep the nozzle attached to pipe 1? 
(a) liN (b)36N (c)83N (d)123N (e)110N 
FE3.4 In Fig. FE3.1 water exits from a nozzle into atmospheric pressure of 101 kPa. If 
the manometer fluid has a specific gravity of 1.6 and h = 66 cm, with friction neglected, 
what is the average velocity at section 2? 
(a) 4.55 m/s (b)2.4m/s (c)2.8 m/s (d)5.55m/s (e)3.4 m/s 


FE3.5 A jet of water 3 cm in diameter strikes normal to a plate as in Fig. FE3.5. If the 
force required to hold the plate is 23 N, what is the jet velocity? 
(a)2.85 m/s (b)5.7m/s (c)8.1 m/s (d)4.0m/s (e)23 m/s 


FE3.6 A fireboat pump delivers water to a vertical nozzle with a 3:1 diameter ratio, as 
in Fig. FE3.6. If friction is neglected and the flow rate is 500 gal/min, how high will the 
outlet water jet rise? 

(a)2.0m (b)9.8m (c)32m (d)64m (e)98 m 
FE3.7 A fireboat pump delivers water to a vertical nozzle with a 3:1 diameter ratio, as 
in Fig. FE3.6. If friction is neglected and the pump increases the pressure at section 1 to 
51 kPa (gage), what will be the resulting flow rate? 

(a) 187 gal/min (b) 199 gal/min (c)214 gal/min (d) 359 gal/min (e) 141 gal/min 
FE3.8 A fireboat pump delivers water to a vertical nozzle with a 3:1 diameter ratio, as 
in Fig. FE3.6. If duct and nozzle friction are neglected and the pump provides 12.3 feet of 
head to the flow, what will be the outlet flow rate? 

(a) 85 gal/min (b) 120 gal/min (c) 154 gal/min (d) 217 gal/min (e) 285 gal/min 
FE3.9 Water flowing in a smooth 6-cm-diameter pipe enters a venturi contraction with 
a throat diameter of 3 cm. Upstream pressure is 120 kPa. If cavitation occurs in the throat 
at a flow rate of 155 gal/min, what is the estimated fluid vapor pressure, assuming ideal 
frictionless flow? 

(a)6kPa (b)12kPa (c)24kPa (d)31kPa (e)52 kPa 
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FE3.10 Water flowing in a smooth 6-cm-diameter pipe enters a venturi contraction with 
a throat diameter of 4 cm. Upstream pressure is 120 kPa. If the pressure in the throat is 
50 kPa, what is the flow rate, assuming ideal frictionless flow? 

(a) 7.5 gal/min (b)236 gal/min (c) 263 gal/min (d) 745 gal/min (e) 1053 gal/min 
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3 cm 
Vv 
os F=23N 


Fig. FE3.5 








Fig. FE3.6 
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COMPREHENSIVE PROBLEMS 


C3.1 In a certain industrial process, oil of 
density p flows through the inclined pipe in 
the figure. A U-tube manometer with fluid 
density pm, measures the pressure difference 
between points 1 and 2, as shown. The flow 
is steady, so that fluids in the U-tube are 
stationary. (a) Find an analytic expression 
for p1 — p2 in terms of system parameters. 
(b) Discuss the conditions on h necessary for 
there to be no flow in the pipe. (c) What 
about flow up, from 1 to 2? (d) What about 
flow down, from 2 to 1? 





Solution: (a) Start at 1 and work your way around the U-tube to point 2: 





P, + pest pgh— p,gh— pgs— pgdz = Pr, 
or: Py — Pp, = pgAz+(p, —p)gh where Az=z,-—z, Ans. (a) 


(b) If there is no flow, the pressure is entirely hydrostatic, therefore Ap = pg and, since 
pm + p, it follows from Ans. (a) above that h=0 Ans. (b) 


(c) If h is positive (as in the figure above), p1 is greater than it would be for no flow, 
because of head losses in the pipe. Thus, if h > 0, flow is up from 1 to 2. Ans. (c) 


(d) If h is negative, p1 is less than it would be for no flow, because the head losses act 
against hydrostatics. Thus, if h < 0, flow is down from 2 to 1. Ans. (d) 


Note that h is a direct measure of flow, regardless of the angle 0 of the pipe. 





C3.2 A rigid tank of volume v = 1.0 m? 
is initially filled with air at 20°C and po = 
100 kPa. At time t = 0, a vacuum pump is 
turned on and evacuates air at a constant 
volume flow rate Q = 80 L/min (regardless 
of the pressure). Assume an ideal gas and an 
isothermal process. (a) Set up a differential 
equation for this flow. (b) Solve this equation 
for t as a function of (v, Q, p, po). (c) Com- 
pute the time in minutes to pump the tank 
down to p = 20 kPa. [Hint: Your answer 
should lie between 15 and 25 minutes.] 
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Solution: The control volume encloses the tank, as shown. The CV mass flow relation 


becomes 
Zip pdv) + Erou -zif 0 


Assuming that p is constant throughout the tank, the integral equals pv, and we obtain 


vP 4 p0 =0, or: (eee yieiding 1-2 )=-% 
dt P D V 


o 


Where po is the initial density. But, for an isothermal ideal gas, p/po = p/po. Thus the 
time required to pump the tank down to pressure p is given by 


¢=-" in (2) Ans. (a, b) 
Q P 

(c) For our particular numbers, noting Q = 80 L/min = 0.080 m?/min, the time to pump a 
1 m? tank down from 100 to 20 kPa is 

1.0 m? i ( 20 


Aiba n 20) =20.1 min Ans. (c) 
.08 m°/min 





C3.3 Suppose the same steady water jet 
as in Prob. 3.40 (jet velocity 8 m/s and jet 
diameter 10 cm) impinges instead on a cup 
cavity as shown in the figure. The water is 
turned 180° and exits, due to friction, at 
lower velocity, Ve = 4 m/s. (Looking from 
the left, the exit jet is a circular annulus of 
outer radius R and thickness h, flowing 
toward the viewer.) The cup has a radius of 
curvature of 25 cm. Find (a) the thickness h of 
the exit jet, and (b) the force F required to 
hold the cupped object in place. (c) Compare 
part (b) to Prob. 3.40, where F = 500 N, and give a physical explanation as to why F has 
changed. 








Fig. C3.3 


Solution: For a steady-flow control volume enclosing the block and cutting through the 
jets, we obtain XQin = XQout, or: 


V. D? 
V, TD; =V,a[R?-(R-h)’], or: h= ee 22h Ans. (a) 
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For our particular numbers, 


2 
h=0.25 (0.257 . on =0.25—0.2398 =0.0102 m=1.02em_ Ans. (a) 


(b) Use the momentum relation, assuming no net pressure force except for F: 





; ; m 
ÈF, =-F =al V,) -a (V;), or F= pV; qi +V,) Ans. (b) 
For our particular numbers: 
F= 998(8) = (0. D? (8+4)=752N totheleft Ans. (b) 


(c) The answer to Prob. 3.40 was 502 N. We get 50% more because we turned through 
180°, not 90°. Ans. (c) 





C3.4 The air flow beneath an air hockey 
puck is very complex, especially since the air 
jets from the table impinge on the puck at 
various points asymmetrically. A reasonable 
approximation is that, at any given time, the 
gage pressure on the bottom of the puck is halfway between zero (atmospheric) and the 
stagnation pressure of the impinging jets, po = 1/2 PV jet? . (a) Find the velocity Vjet required 
to support a puck of weight W and diameter d, with air density p as a parameter. (b) For W = 
0.05 Ibf and d = 2.5 inches, estimate the required jet velocity in ft/s. 





Solution: (a) The puck has atmospheric pressure on the top and slightly higher on the 
bottom: 


1 Py2 \% 2 4 wW 
(Pander ~ Pa) Apuek = W = Hoev Za , Solve for Via = i 5 Ans. (a) 


For our particular numbers, W = 0.05 lbf and d = 2.5 inches, we assume sea-level air, 
p= 0.00237 slug/f, and obtain 


Vie= x a >< =50 ft/s Ans. (b) 
(2.5/12 ft) \ 2(0.00237 slug/ft*) 
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C3.5 Neglecting friction sometimes leads Z7 C pan Z2 
to odd results. You are asked to analyze and 
discuss the following example in Fig. C3.5. 
A fan blows air vertically through a duct 


from section 1 to section 2, as shown. Vv 
Assume constant air density p. Neglecting 
frictional losses, find a relation between the t 


required fan head hp and the flow rate and 





the elevation change. Then explain what Atinosphere 
may be an unexpected result. 
Solution: Neglecting frictional losses, hf = 
0, and Bernoulli becomes, Q 
Vy off ht ns 
Biy Wyry Seay og lO y + Zı 
pg 28 P 
Fig. C3.5 
p V, Rte) Yon 
+ HZI + +Z—h, 
P8 28 p8 28g 


Since the fan draws from and exhausts to atmosphere, V1 = V2 ~ 0. Solving for hp, 
h, = P8(% — 2%) + P&% — P8% =9 Ans. 


Without friction, and with V/ = V2, the energy equation predicts that hp = 0! Because the 
air has insignificant weight, as compared to a heavier fluid such as water, the power input 
required to lift the air is also negligible. 





Chapter 4 - Differential Relations 
for a Fluid Particle 


P4.1 An idealized velocity field is given by the formula 
V = 4txi— 2t yj + 4xzk 


Is this flow field steady or unsteady? Is it two- or three-dimensional? At the point (x, y, z) = 


(-1, +1, 0), compute (a) the acceleration vector and (b) any unit vector normal to the 
acceleration. 


Solution: (a) The flow is unsteady because time t appears explicitly in the components. 
(b) The flow is three-dimensional because all three velocity components are nonzero. 
(c) Evaluate, by laborious differentiation, the acceleration vector at (x, y, z) = (—1, +1, 0). 


du ĉu wea yh wilt 


























aoa a "a 4x + 4tx(4t) — 2t?y(0) + 4xz(0) = 4x +16t°x 
BV VO apf aG(0) 9 y(-2) ead) ag aay 
t a a gy a 
dw AN a gy pw 04 4tx(4z)-2ty(0) + 4xz(4x) = 16txz +16x?z 
dt a a ao “z 

or: =(4x+16t°x)i+( 4ty + 4t y)j+(l6txz + 16x°z)k 


at (x, y, Z) = (—1, +1, 0), we obtain ~ =—4(1+4t°)i—4t(1-t°)j+0k Ans. (c) 
t 


(d) At (—1, +1, 0) there are many unit vectors normal to dV/dt. One obvious one is k. Ans. 





P4.2 Flow through the converging nozzle 
in Fig. P4.2 can be approximated by the 
one-dimensional velocity distribution 
wev,(1+2) vx0 we0 ye 
L 
(a) Find a general expression for the fluid 
acceleration in the nozzle. (b) For the 
specific case Vo = 10 ft/s and L = 6 in, 2 
compute the acceleration, in g’s, at the Fig: -P4.2 
entrance and at the exit. 
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Solution: Here we have only the single ‘one-dimensional’ convective acceleration: 


2 
ay =a -[v, (i 2x) 2V, 2yo (1+ =) Ans. (a) 








dt Ox LJL L 
2 
For L=6" and V,=10 f ~ fu 20) (1 oa ) = 4004 +4x), with xin feet 
s? dt 6/12\ 6/12 


At x =0, du/dt = 400 ft/s” (12 g’s); at x =L =0.5 ft, du/dt = 1200 ft/s? (37 g’s). Ans. (b) 





P4.3 A two-dimensional velocity field is given by 
V= (x? -y +x)i-—(2xy+y)j 


in arbitrary units. At (x, y) = (1, 2), compute (a) the accelerations ax and ay, (b) the 
velocity component in the direction 0 = 40°, (c) the direction of maximum velocity, and 
(d) the direction of maximum acceleration. 


Solution: (a) Do each component of acceleration: 











du = = 2 2 4 4 4 a 

i u v (x° -y^ +x)(2x +1)+(-2xy - y)\(-2y)= a, 
dv = 2 2 4 L 2 
aE u v (x° —y~ + x)(—2y) + (-2xy - y)(-2x - 1) ay 


At (x, y)=(1, 2), we obtain ax=18i and ay=26j Ans. (a) 


(b) At (x, y) = (1, 2), V = —2i — 6j. A unit vector along a 40° line would be n = cos40°i + 
sin40°j. Then the velocity component along a 40° line is 


Vigo = W-Ngge = (—2i- 6) - (cos 40° + sin 40°j) = 5.39 units Ans. (b) 


(c) The maximum acceleration is amax = [182 + 262)!" 2 = 31.6 units at 255.3° Ans. (c, d) 








P4.4 A simple flow model for a two-dimensional converging nozzle is the distribution 


x y 
u = Ugh) v= Ue w=0 


(a) Sketch a few streamlines in the region 0<x/L<1 and 0<y/L<1, using the method of 


Section 1.11. (b) Find expressions for the horizontal and vertical accelerations. 
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(c) Where is the largest resultant acceleration and its numerical value? 


Solution: The streamlines are in the x-y plane and are found from the velocities: 


dx 








=S ay or integrate : i = -Í dy Cancel U, 
u v U,(1+x/L) U,y/L 
Lind+x/L) = —Lin(y/L) + const, or: In[(y/L)Ud+x/L)] = constant 
Finally the streamlines : La £ Ans.(a) 
L 1+x/L 


These may be plotted for various values of the dimensionless constant C, as shown: 

















y/L 05 























X/L 











The streamlines converge and the velocity increases to the right. Ans.(a) 


(b) The accelerations are calculated from Eq. (4.2): 
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2 
a,= ait + joie [U,d+x/L)(U,/L)+ 0 = Yo 
ox oy 
ôv ôv UŽ y 
ay= tes "ay =0+(-U,y/L\(-U,/L) = LT Ans.(b) 


(c) Find the resultant of a, and ay from Ans.(b) above and introduce y/L from Ans.(a): 








a = fa? ta? = „1420 +0?+C? I+) , where n= x/L Ans.(c) 


We observe that the resultant acceleration increases with x and is greatest at x = L, where its 


numerical value is (U/L) [4+ C14]. 





P4.5 The velocity field near a stagnation point (see Example 1.10) may be written in 
the form 
u= Li v= = U, and L are constants 








(a) Show that the acceleration vector is purely rania (b) For the particular case L = 1.5 m, 
if the acceleration at (x, y) = (1 m, 1 m) is 25 m/s“, what is the value of Uo? 


Solution: (a) For two-dimensional steady flow, the acceleration components are 


2 
du a, -(u,*}(Y}+(-v, o- 
a ee “y L/L 
2 
dv ym -(v,4}@+(-v,2)( Ua) -Dey 
dt ox "Oy L L Lie oe 


Therefore the resultant a= (Wi Xxi+yj)= (UZE )r (purely radial) Ans. (a) 











(b) For the given resultant acceleration of 25 m/s2 at (x, y)=(1 m, 1 m), we obtain 





2 
lal=25 = Us Ir gece m, solve for U,=6.3 © Ans. (b) 
ss L (1.5 m) s 
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P4.6 An incompressible plane flow has the velocity components u = 2y, v = 8x, w = 0. 
(a) Find the acceleration components. (b) Determine if the vector acceleration is radial. 


(c) Which two streamlines of this flow are straight lines? 


Solution: (a, b) With no z activity, we can stick to steady two-dimensional formulas: 








a= uct We = (2y)(O) + (8x)(2) = 16x 

ov ov 
ay, =u tv = (2yX(8) + (8x)X(0) = 16y Ans.(a) 
$ Ox oy 





a= ia,+ ja, =16ix+16jy =16(ix+jy) = 16r Radial, yes. Ans.(b) 


(c) Find the streamlines in the manner suggested in Chapter 1, Eq. (1.41): 


dx dy _ dx _ dy 


=—, or: —=—, 2ydy = 8xdx 
u v 2y 8x an 


Integrate : [ozay = [8xdx , Or: y? = 4x7 + const 


The streamlines are all curved except when the constant of integration is zero, for which 
there are two straight streamlines: y=+2x. Ans.(c) 
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P4.7 Consider a sphere of radius R immersed in a uniform stream Uo, as shown in 
Fig. P4.7. According to the theory of Chap. 8, the fluid velocity along streamline AB is given by 





Fig. P4.7 


Find (a) the position of maximum fluid acceleration along AB and (b) the time required 
for a fluid particle to travel from A to B. Note that x is negative along line AB. 


Solution: (a) Along this streamline, the fluid acceleration is one-dimensional: 


= = 2 =U, (1+ R*/x?)(-3U,R?/x*) = -3U,R3(x 7 +R3x’) for x <-R 


The maximum occurs where d(ax)/dx = 0, or at x = ~(7R3/4)" 3 ~-1.205R Ans. (a) 
(b) The time required to move along this path from A to B is computed from 
dx T 


u=—=U,(1+R°/x°), or: f 


dt oi 


t 
—; =| U, dt, 
1+R°/x? J j 


R (x+R) R ,(2x-R 
or: U,t=| x In — zi tan =00 
6 x?-Rx+R? V3 Rv3 / |, 


It takes an infinite time to actually reach the stagnation point, where the velocity is 
zero. Ans. (b) 











P4.8 When a valve is opened, fluid flows in the expansion duct of Fig. P4.8 according 
to the approximation 


v=iu| 1- lean Č 
2L L 
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Find (a) the fluid acceleration at (x, t) = (L, L/U) and (b) the time for which the fluid 
acceleration at x = L is zero. Why does the fluid acceleration become negative after 


condition (b)? 


tx=0 trek 
Fig. P4.8 


Solution: This is a one-dimensional unsteady flow. The acceleration is 


a s&u auf <) T seon (2) u(t *\( 2 )ana{ “} 
a KX L/L L 2L/ 2L L 


2 
Ag seen? (T) Lan (2) 
LL L) 2 L 








At (x, ©) = (L, L/U), ax = (U?/L)(1/2)[sech?(1) — 0.5tanh? (1)] = 0.0650 U?/L Ans. (a) 


The acceleration becomes zero when 


fut 1 fut Ut 
ahii = ptaki pi or sinh? (J = 2, 
or = = 1.146 Ans. (9) 


The acceleration starts off positive, then goes through zero and turns negative as the 
negative convective acceleration overtakes the decaying positive /ocal acceleration. 





P4.9 An idealized incompressible flow has the proposed three-dimensional velocity 
distribution 


V = 4xy i + fO)j -zyk 
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Find the appropriate form of the function f(y) which satisfies the continuity relation. 


Solution: Simply substitute the given velocity components into the incompressible 


continuity equation: 
u & ae an f ê, a 2 df 
H H =— (4 t— +4 7) =4y +> 
y A a! xy") (-zy")=4y 


2 
| H =0 
y & dy > 








d 
or: a =-3y", Integrate: f(y) =| (-3y")dy = -y? +constant Ans. 
y 
P4.10 Consider the simple incompressible plane flow pattern u = U, v = V, and w = 0, 


where U and V are constants. (a) Convert these velocities into polar coordinate components, vr 
and vo. [HINT: Make a sketch of the velocity components.] (b) Determine whether these new 
components satisfy the continuity equation in polar coordinates. 


Solution: This is harder than it looks. Make a sketch of each separate cartesian component: 


y 


(b) 





(a) We can resolve each figure into radial and circumferential components. For Figure (a), 
U has a radial component U cos@ and a circumferential component (-U sin). For Figure 
(b), V has a radial component V sin@ and a circumferential component V cos@. Combine 
these into the result 


v, =U cos +V sin ; vog = -Usin + V cos Ans.(a) 


(b) The original (cartesian) distribution, being constant velocity, obviously satisfied 
continuity. The new version, in polar coordinates, requires some effort. From Eq. (4.9) for 
incompressible flow, 
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LE evy (09) = *<{rU cos0-+V sin @)] + Zu sin9+V cos @) 


a) (U cos@+V sin @) 4 l (-Ucos@—Vsin@) = 0 Yes, satisfied. Ans.(b) 
r r 








P4.11 Derive Eq. (4.12b) for cylindrical coordinates by considering the flux of an 
incompressible fluid in and out of the elemental control volume in Fig. 4.2. 


Solution: For the differential CV shown, 


£ dvol+ Edi, —Edih, =0 






Typical 
infinitesimal 
element 


Pre) d@drdz+ pv,rdzd0+ (py, arte + dr)dzdd + pve dzdr 





+ (pv Odzar + pv, E «| dOdr4 Zewo: ; e) dOdr 
dr 
— pv,1dzd0— pvgdzdr— pv, (£) dédr =0 


Cancel (d@drdz) and higher-order (4th-order) differentials such as (dr d@ dz dr) and, 
finally, divide by r to obtain the final result: 





æ 1 ô 


10 ô 
At a eee ae Ans. 
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P4.12 Spherical polar coordinates (r, 0, ¢) are defined in Fig. P4.12. The cartesian 
transformations are 


x=rsinOcos¢ 
y=rsinOsing 
z =r cos 


Do_not show that the cartesian incompressible continuity relation (4.12a) can be 
transformed to the spherical polar form 


Up 






r = constant 


Fig. P4.12 





Doss Biss 1 6 
Se + — (Up sin 8) + —— _— =0 
r ae ane a TO sing ape) 


What is the most general form of vr when the flow is purely radial, that is, vg and vg 
are zero? 


Solution: Note to instructors: Do not assign the derivation of this continuity 
relation, it takes years to achieve, the writer can’t do it successfully. The problem is 
only meant to acquaint students with spherical coordinates. 


10 x 1 
If bg =v, =0, then Pat be) =0, so, in general, v, = ya f(O, ġ) Ans. 





312 Solutions Manual e Fluid Mechanics, Fifth Edition 





P4.13 For an incompressible plane flow in polar coordinates, we are given 
v, = r’ cosð + r* sind 


Find the appropriate form of circumferential velocity for which continuity is satisfied. 


Solution: Substitute into continuity, Eq. (4.9), for incompressible flow: 


10 1 0 1o 3 Jae 1 Ove 
— + —-— = -— cos@ + r* sin@)] +—-—., 
co roo" ao ae r 00 
pee. = —4r° cos — 3rsin0 

r 00 

Integrate: vg = —4r sin + 3r? cosO + fo) Ans. 


We can’t determine the form of the “constant of integration” f(r) without further 
information. 





P4.14 For incompressible polar-coordinate flow, what is the most general form of a 
purely circulatory motion, vo = vo(r, 0, t) and vr = 0, which satisfies continuity? 


Solution: If vr = 0, the plane polar coordinate continuity equation reduces to: 
1 Vo 


=0, or: v,=fen(r) only Ans. 
r ææ yP 





P4.15 What is the most general form of a purely radial polar-coordinate 
incompressible-flow pattern, vr = ur(r, @ t) and ve=0, which satisfies continuity? 


Solution: If vg=0, the plane polar coordinate continuity equation reduces to: 


L =0, or: v= L enO) only Ans. 
ro r 
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P4.16 Consider the plane polar coordinate velocity distribution 


pet ean v, =0 
r 
where C and K are constants. (a) Determine if the incompressible equation of continuity 
is satisfied. (b) By sketching some velocity vector directions, plot a single streamline for 
C=K. What might this flow field simulate? 


Solution: (a) Evaluate the incompressible continuity equation (4.12b) in polar coordinates: 


10 10 10,C 1o 
+ = + =0+0= 0 Ans. 
roro PETN orir r0 nee 





Incompressible continuity is indeed satisfied. (b) For C = K, we can plot a representative 


streamline by putting in some velocity vectors and sketching a line parallel to them: 








0.8 


0.6 





0.4 


0.2 | A 


0.0 4 














-0.2 r r r r + 
-0.2 -0.1 0.0 0.1 0.2 0.3 0.4 
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The streamlines are logarithmic spirals moving out from the origin. [They have axisymmetry 
about O.] This simple distribution is often used to simulate a swirling flow such as a tornado. 





P4.17 An excellent approximation for the two-dimensional incompressible 
laminar boundary layer on the flat surface in Fig. P4.17 is 


3 4 
u x U(22-2} + 2) for y<d, where 56 =Cx'/?, C = constant 
8 Ë oe 


Layer thickness 5(x) 







T= constant Fig. P4.17 


(a) Assuming a no-slip condition at the wall, find an expression for the velocity component 
v(x, y) for y < & (b) Then find the maximum value of v at the station x = 1 m, for the 
particular case of airflow, when U = 3 m/s and 6= 1.1 cm. 


Solution: (a) With u known, use the two-dimensional equation of continuity to find v: 











ôv au _ U( 2ydőô 6y d 4y* dô, 
oy ox 6 dt 6t dx 6 dx 
7 3 4 2 4 5 
ico IS = = ydy = WÈ ae Ans.(a) 
di sg BS dx 26% 454 56 


(b) First evaluate C from the given data at x = 1 m: 


5 =0.011m=Cdm)'? , hence C = 0.011 ml? 


d ENP 1 z 
Or, alternately , Oe cx? = ( ð )x Mna l 
2 2 lt 2x 
Substitute this into Ans.(a) above and note that v rises monotonically with y to a maximum 
at the outer edge of the boundary layer, y = ô. The maximum velocity v is thus 
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dé 1 3 2 m, 0.0llm__ 3 m 
ax © 2U t—) = 2(3 = 0.0050 — Ans.(b 
"ana de 2 4 3) ( s am TY s re) 





This is slightly smaller than the exact value of Vmax from laminar boundary theory (Chap. 7). 





P4.18 A piston compresses gas in a cylinder by moving at constant speed V, as in 
Fig. P4.18. Let the gas density and length at t = 0 be fo and Lo, respectively. Let the gas 
velocity vary linearly from u = V at the piston face to u = 0 at x = L. If the gas density varies 
only with time, find an expression for p(t). 





V = constant 


>o = i 














mr 
x=0 x= L(t) 


Fig. P4.18 


Solution: The one-dimensional unsteady continuity equation reduces to 


op ou ( al 
P, 2 2, —, here = les : =L= t, = A(t) onl 
(pu) = P w u=V L=L,-Vt, p= p(t) only 


Vv P t 
Enter A =-—— and separate variables: j2 a 
Ox L > 





L, 
L, 
Ans. 





The solutionis In(p/p,)=—-In(i— Vt/L,), or: p=p, es 





P4.19 An incompressible flow field has the cylindrical velocity components vg = Cr, vz = 
K(R2 — P), vr = 0, where C and K are constants and r < R, z < L. Does this flow satisfy 
continuity? What might it represent physically? 

Solution: We check the incompressible continuity relation in cylindrical coordinates: 


12 la, w, 


(rv,)4 + 
ro roo ot 





=0=0+0+0 satisfied identically Ans. 


This flow also satisfies (cylindrical) momentum and could represent laminar flow inside a 
tube of radius R whose outer wall (r = R) is rotating at uniform angular velocity. 
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P4.20 A two-dimensional incompressible velocity field has u = K(1 — e®), for x < L 
and 0 < y < «. What is the most general form of v(x, y) for which continuity is satisfied and 
v = vo at y = 0? What are the proper dimensions for constants K and a? 


Solution: We can find the appropriate velocity v from two-dimensional continuity: 


ARRE =k -e Y)]=0, or: v=fen(x) only 
oy Ox OX 
Since v=v, aty=0 forall x, then it must be that v=y,=const Ans. 


The dimensions of K are {K} = {L/T} and the dimensions of a are wh, Ans. 





P4.21 Air flows under steady, 
approximately one-dimensional conditions 
through the conical nozzle in Fig. P4.21. If © 
the speed of sound is approximately 340 m/s, Vo i 
what is the minimum nozzle-diameter ratio () l 
DelDo for which we can safely neglect | 
compressibility effects if Vo = (a) 10 m/s and | 
(b) 30 m/s? Do 

Fig. P4.21 
Solution: If we apply one-dimensional 
continuity to this duct, 


Poo -D = PV. De or V, = VDD)? if p, =p 


4 

To avoid compressibility corrections, we require (Eq. 4.18) that Ma < 0.3 or, in this case, 

the highest velocity (at the exit) should be Ve < 0.3(340) = 102 m/s. Then we compute 
(D./Do)min = (V/V)? = (V,/102)? =0.31 if V, =10 m/s Ans. (a) 

=0.54 if V, =30 m/s Ans. (b) 





P4.22 In an axisymmetric flow, nothing varies with @; the only nonzero velocities 
are v, and v, (see Fig. 4.2 of the text). If the flow is steady and incompressible and v, = Bz, 
where B is constant, find the most general form of v, which satisfies continuity. 
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Solution: With no @ variation and no vo, the equation of continuity (4.9) becomes 





lo Ov, lo ô 
H H0S H Bz) , 
ror P roro z 3 


Oz 


or: L y = -Br; Integrate: rv, = -Bp + f(z) 
or 2 


Finally, v, = 


r 


e r+ fO Ans. 
2 r 


The “function of integration”, fz), is arbitrary, at least until boundary conditions are set. 





P4.23 A tank volume @ contains gas at conditions (po, po, To). At time ż = 0 it is 
punctured by a small hole of area A. According to the theory of Chap. 9, the mass flow 
out of such a hole is approximately proportional to A and to the tank pressure. If the tank 
temperature is assumed constant and the gas is ideal, find an expression for the variation 
of density within the tank. 


Solution: This problem is a realistic approximation of the “blowdown” of a high- 
pressure tank, where the exit mass flow is choked and thus proportional to tank pressure. 
For a control volume enclosing the tank and cutting through the exit jet, the mass relation is 


E ima )+Mat =0, Or: E pv) =—M,,;, =-CpA, where C =constant 


pt) t 
d RTA 

Introduce p= and separate variables: Í SP ARLS] dt 
RT, i 5 


v 


The solution is an exponential decay of tank density: p = po exp(—-CRToAt/ V). Ans. 





P4.24 For incompressible laminar flow between parallel plates (see Fig. 4.12b), 
the flow is two-dimensional (v + 0) if the walls are porous. A special case solution is 
u = (A-Bx) (h? — y?) , where A and B are constants. (a) Find a general formula for 


velocity v if v = 0 at y = 0. (b) What is the value of the constant B if v = vw at y = +h? 


Solution: (a) Use the equation of continuity to find the velocity v: 
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ôv Ou 2 2 
Z = -Z = -(-BX(h’ - 
ay re (-B)(h" -y*) 





3 
Integrate: v = B[(h?-y?)dy = BU’ y - ) + f(x) 
y 
If v=0 at y=0, then f(x)=0. ©. v= B(h?y - Re Ans.(a) 
(b) Just simply introduce this boundary condition into the answer to part (a): 


3 
v(y =h) = v, -80-5 , hence B= ay 





5 Ans.(b) 
2h 





P4.25 An incompressible flow in polar 
coordinates is given by v „= 0 along these 


i two lines 
Vas Keosaf1-2) 
7 


Vg =—Ksin of + +) 
á =V 
Does this field satisfy continuity? For iz 
consistency, what should the dimensions of 
constants K and b be? Sketch the surface 


where vr = 0 and interpret. Fig. P4.25 


Solution: Substitute into plane polar coordinate continuity: 


EP eyja Ne 0212 Kcose(r-?) pee -Ksino{ 1+ 5 =0 Satisfied 
ror r oO roa r tr oO T 
The dimensions of K must be velocity, {K} = {L/T}, and b must be area, {b} = {L7}. The 
surfaces where v, = 0 are the y-axis and the circle r = Vb, as shown above. The pattern 
represents inviscid flow of a uniform stream past a circular cylinder (Chap. 8). 
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P4.26 Curvilinear, or streamline, coordinates are defined in Fig. P4.26, where n is 
normal to the streamline in the plane of the radius of curvature R. Show that Euler’s 
frictionless momentum equation (4.36) in streamline coordinates becomes 


eV /ét +V(6V/és) = —(1/ p)(@p/és) + 8, (1) 





Fig. P4.26 
Further show that the integral of Eq. (1) with respect to s is none other than our old friend 
Bernoulli’s equation (3.76). 


Solution: This is a laborious derivation, really, the problem is only meant to 
acquaint the student with streamline coordinates. The second part is not too hard, 
though. Multiply the streamwise momentum equation by ds and integrate: 


d d d 
P +g, ds p E 
h 
2 2 2 

Yaa +] dp + (Zz, —z,)=0 (Bernoulli) Ans. 

2 re a 


gdz 





aos VdV gsin ĝds = 


2 
Integrate from 1 to 2: f x ds + 
1 





P4.27 A frictionless, incompressible steady-flow field is given by 
V =2xyi— yj 

in arbitrary units. Let the density be po = constant and neglect gravity. Find an expression 

for the pressure gradient in the x direction. 
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Solution: For this (gravity-free) velocity, the momentum equation is 


(uZ + Z) =-Vp, or: p,[(2xyX(2yi)+(-y°X(2xi-2yj)]= -Vp 


Solve for Vp=-p,(2xy"i+2y°j), or: 3 =-p,2xy? Ans. 





P4.28 Consider the incompressible flow field of Prob. P4.6, with velocity components 
u = 2y, v= 8x,w=0. Neglect gravity and assume constant viscosity. (a) Determine whether 
this flow satisfies the Navier-Stokes equations. (b) If so, find the pressure distribution p(x, y) if 
the pressure at the origin is po. 


Solution: In Prob. P4.6 we found the accelerations, so we can proceed to Navier-Stokes: 











ôu Ou Op 2 Op op 
= e[0+(8x)(2)] = + t uVU= +O+0; =-16 
plu oe oy pLO+ (8x)(2)] Be eee ax ax px 
ôv ðv Op 2 op op 
—+v—) = p{(2y)(8)+0] = H ,+ uV v= +0+0; =-16 
plu a va pl(2y)(8) +0] ay P8y HUV v By ay py 


Noting that 
a p/(éxdy) = 0 in both cases, we conclude Yes, satisfies Navier - Stokes. Ans.(a) 


(b) The pressure gradients are simple, so we may easily integrate: 





dp = Cea @ dy , or: p=| 16pxdx +4 f l6pydy = 8 p(x" + y?) + const 
ox oy 
If p(0,0) = p, , then p= p,- 80x? +y?) Ans.(b) 


This is an exact solution, but it is not Bernoulli’s equation. The flow is rotational. 





P4.29 Consider a steady, two-dimensional, incompressible flow of a newtonian fluid 
with the velocity field u = —2xy, v = y? — x’, and w = 0. (a) Does this flow satisfy 
conservation of mass? (b) Find the pressure field p(x, y) if the pressure at point (x = 0, y = 0) 
is equal to pa. 
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Solution: Evaluate and check the incompressible continuity equation: 


Mui W Sy oh Yes! Ans. (a) 
x AO É 


(b) Find the pressure gradients from the Navier-Stokes x- and y-relations: 


ud. Qu an) æ (Fu Eu Eu) 














Wee a na a “lat ae ae!’ or: 
pl-2xy(—2y) + (y* = x7 )(-2x)] = P . (0+0+0), or: PD __dofxy? +x?) 
Ox Ox 
and, similarly for the y-momentum relation, 
& & æ op. (Av Av Av) 
purr Zan) by ae a ae)” or: 


Pl-2xy(-2x) + (9 — x)(2y)] = Pan 2+2+0), or: Poy) 





The two gradients ĝp/x and ĝp/ĉy may be integrated to find p(x, y): 


F EA 
p= f P ad oms = a Ea + f(y), then differentiate. 
Op 


d d 
~ 5h T whence GE he or: foy=—Ly4 +C 
oy dy dy 2 

Thus: p=-Faxy? +x +y*)+C= Pa at (x,y)=(0,0), or: C=p, 
Finally, the pressure field for this flow is given by 


P=P,- 5 pax’? +xf+yf) Ans.(b) 





P4.30 For the velocity distribution of Prob. P4.4, determine if (a) the equation of continuity 
and (b) the Navier-Stokes equation are satisfied. (c) If the latter is true, find the pressure 


distribution p(x,y) when the pressure at the origin equals po. Neglect gravity. 


Solution: Recall that we were given u = U,(1+x/L) and v = -U, y/L. (a) Test continuity: 
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ôu Ov ô x ð y 
+ = U,d4 + U = 
Be D ax. of L! By | o7) 





Uo _Uo 2 0 OK,satisfied. Ans.(a) 
L L 


(b) Now substitute these velocities into the x- and y- Navier-Stokes equations: 

















ME = U,(l x Uo + (-U, ~)(0) = DE ig SP pe eee 

Ox oy L L L p Ox p ox 
je = Oe e a Oe ee 
Ox oy L L L p oy p oy 


Solve for the two pressure gradients and cross-differentiate to see if they agree: 





2 2 2 
Os PUG eg By OP __PUo Y Check ĈE =0 forboth 
Ox L L oy L L ôxðy 
Thus, before finding p(x,y), we know this is an exact solution to Navier-Stokes. Ans.(b) 


(c) Integrate the two pressure gradients to find the pressure distribution: 


2 2 2.3 
p= {Pax E Ta eS, + f(y); Then ee f= PUo I Y onyt 
Ox L 2L ôy dy L 2L 
2 ew) 
p= HPU Gee fet + pọ  Ans.(c) 


L Ob OE 


This is the same as Bernoulli’s equation, but that is a bit hard to see. 





P4.31 According to potential theory (Chap. 8) for the flow approaching a rounded two- 
dimensional body, as in Fig. P4.31, the velocity approaching the stagnation point is given 
by u = UCL - a h®), where a is the nose radius and U is the velocity far upstream. 
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Compute the value and position of the maximum viscous normal stress along this 
streamline. Is this also the position 


Stagnation 
point 
(uw = 0) 





Fig. P4.31 
of maximum fluid deceleration? Evaluate the maximum viscous normal stress if the fluid 
is SAE 30 oil at 20°C, with U = 2 m/s and a = 6 cm. 


Solution: (a) Along this line of symmetry the convective deceleration is one-dimensional: 


2 2 2 4 
asuu ajl 5) 
Ox x x” xX x 








This has a maximum deceleration at a =0, orat x=-V (5/3)a=-1.29a Ans. (a) 
x 
The value of maximum deceleration at this point is a, max = —0.372U?/a. 


(b) The viscous normal stress along this line is given by 


a 
ox 


2a’U | 4 
2 J with a maximum Tmax = „U at x=—a Ans. (b) 
a 








Tix 52H 2a max 


X 


Thus maximum stress does not occur at the same position as maximum deceleration. For 
SAE 30 oil at 20°C, we obtain the numerical result 


SAE300i, po=917 Š, „=029 $E, z „= 407200 
m m-s (0.06 m) 





=39Pa_ Ans. (b) 





P4.32 The answer to Prob. 4.14 is vg = f(r) only. Do not reveal this to your friends if 
they are still working on Prob. 4.14. Show that this flow field is an exact solution to the 
Navier-Stokes equations (4.38) for only two special cases of the function f(r). Neglect 
gravity. Interpret these two cases physically. 
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Solution: | Given vg= f(r) and vr = vz = 0, we need only satisfy the @momentum relation: 


Al Ne Yo Ae) 1a Hal! 2( 2e) 1 v s| 








a r ó roo" \ra\ a) Pe r 
ld/( df f 1 1 

or: 0+0)=-0+ taf Hf) of , or: f"’+-f'-—f=0 
a : uj dr zl r r? 


This is the ‘equidimensional’ ODE and always has a solution in the form of a power-law, 
f = Cr”. The two relevant solutions for these particular coefficients are n = +1: 


f1 = Cir (solid-body rotation); f2 = C2/r (irrotational vortex) Ans. 





P4.33 Consider incompressible flow at a volume rate Q toward 





0= m4 
a drain at the vertex of a 45° wedge of width b, as in Fig. P4.33. 
Neglect gravity and friction and assume purely radial A 5 
inflow. (a) Find an expression for v,(r). (b) Show that ea 
the viscous term in the r-momentum equation is zero. Drain Fig. P4.33 











(c) Find the pressure distribution p(r) if p = po at r = R. 


Solution: (a) Assume one-dimensional, steady, radial inflow. Then, at any radius r, 


= , Where C = 4a Ans.(a) 
area (7/4)rb r ab 


eS a I eA 


y= 





The velocity is negative because the flow is inward. (b) The r-momentum equation is not 
written out in Chapter 4; it is Eq. (D.5) of Appendix D. The viscous term is 





2 Vv, 2g _ 10, O,. v, 2 Ove, _ 
HN en ape) ae oe ge aoe 
1 — — 1 
aye 2G ely) E ay E E peo ENA 





r H 
ror or r r? r r rp o rP 
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(c) With the viscous term zero, the r-momentum equation reduces to 











OV, -C Op op P G? 
= = , OF: = 
Pr ar pl r D or or r 
2 2 2 
sa pe ; 7 A PČ _—_ pe 
Integrate : p = — I +C ; at r=R, p= p, R Ci, C =Po+t SR 
Finall; = + k C b where c-42 Ans.(c) 
y, P= Po pao a zb s. 


The two terms in parentheses are the velocities-squared at r = R and r = r, respectively. In other 
words, it integrates to Bernoulli’s equation because the viscous term is zero (irrotational flow). 





P4.34 A proposed three-dimensional incompressible flow field has the following vector 
form: 


V = Kxi + Kyj — 2Kzk 
(a) Determine if this field is a valid solution to continuity and Navier-Stokes. (b) If g =—gk, 
find the pressure field p(x, y, z). (c) Is the flow irrotational? 


Solution: (a) Substitute this field into the three-dimensional incompressible continuity 
equation: 


Oo a w_oé 
Ox oy "62 OX 
=K+K-2K=0 Yes,satisfied. Ans. (a) 





ô O 
Kx)+4 Ky)+ 2K: 
(Kx) oy y) z z) 


(b) Substitute into the full incompressible Navier-Stokes equation (4.38). The laborious 
results are: 





x — momentum: AK? x +0+0)= 2 + u(0+0+0) 
a 











y-momentum: (0 K’y 0)= P suo 0+0) 








z—momentum: p{0+0+(—2Kz)(-2K)}= 2 + P(-g) + (0 +0+0) 


Integrate each equation for the pressure and collect terms. The result is 
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p = p(0,0,0) - pgz — (p12) K(x? +y% +472) Ans. (b) 


Note that the last term is identical to (Iu? ipti w2), in other words, Bernoulli’ s 
equation. 


(c) For irrotational flow, the curl of the velocity field must be zero: 


VxV=i(0-0)+j(0-0)+k(0-0)=0 Yes, irrotational. Ans. (c) 





P4.35 From the Navier-Stokes equations 
for incompressible flow in polar coordinates 
(App. E for cylindrical coordinates), find 
the most general case of purely circulating 
motion ve(r), Ur = Lz = 0, for flow with no 
slip between two fixed concentric cylinders, 
as in Fig. P4.35. 





Solution: The preliminary work for this Fig. P4.35 
problem is identical to Prob. 4.32 on an earlier page. That is, there are two possible 
solutions for purely circulating motion vr), hence 


Vg =Cyrt+ 2, subject to vy(a)=O=C,a+C,/a and vg(b)=0=C,b+C,/b 


This requires C1 = C2 = 0, or vg=0 (no steady motion possible between fixed walls) Ans. 





P4.36 A_ constant-thickness film of 
viscous liquid flows in laminar motion 
down a plate inclined at angle @, as in Fig. 
P4.36. The velocity profile is 


u=CyQh-y) v=w=0 





Find the constant C in terms of the specific 
weight and viscosity and the angle @ Find 
the volume flux Q per unit width in terms 
of these parameters. 


Fig. P4.36 


Solution: There is atmospheric pressure all along the surface at y = h, hence d)/c = 0. 
The x-momentum equation can easily be evaluated from the known velocity profile: 


pu Zav 2) -P pe, +u, or: 0=0+ pgsind+ u(—2C) 


Solve for 


Ga Ee Aas) 
2u 


The flow rate per unit width is found by integrating the velocity profile and using C: 


_ pgh*sing 





h h 
2 3 
=| udy =| Cy(2h-y)dy =—Ch 
Q=| udy=[ Cy HOYOS 


per unit width Ans. (b) 
0 0 3u 





P4.37 A viscous liquid of constant 
density and viscosity falls due to gravity 
between two parallel plates a distance 2h 
apart, as in the figure. The flow is fully 
developed, that is, w = w(x) only. There 
are no pressure gradients, only gravity. Set 
up and solve the Navier-Stokes equation 
for the velocity profile w(x). 





Solution: Only the z-component of Navier- 
Stokes is relevant: 





ig. P4.37 


2 
pw 02, or. wt = 28 w(—h)=w(+h)=0 (no-slip) 
dt dx H4 


The solution is very similar to Eqs. (4.142) to (4.143) of the text: 


w=2E h? -x?) Ans. 
2u 





P4.38 Show that the incompressible flow distribution, in cylindrical coordinates, 


R) vg = Cr" v, = 0 
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where C is a constant, (a) satisfies the Navier-Stokes equation for only two values of n. 
Neglect gravity. (b) Knowing that p = p(r) only, find the pressure distribution for each 
case, assuming that the pressure at r = R is po. What might these two cases represent? 


Solution: (a) The important direction here is the &momentum equation, Eq. (D.6): 





Do VeV MENES -t + v(V?v _ va , 2 o , 

ôt r pr 0 r2 r2 00 

0+0+ 0=0 + v(V?v -2 +0 = yi ô rÊ cry Cr ], or: 
r? ror ôr r2 


ve Z (mcr!) Cr] = Cn?" — Cr") = 0 
ror 


Cancel C and v and 7"°. These terms equal zero only if n’=1,or n= +1. Ans.(a). 


(b) Find the respective pressure distributions for n = 1 and n = -1. Use Eq. (D.5), which 


reduces simply to @p/ér = pvo'/r. Try this for each distribution, n = +1: 
22 2 
1. [P _ peer), .. _ PE“ 2 2 
Caseln=1:]" dp = hm ; or: P= Po + “a R?) Ans.(b;) 
2 r p(C?° Ir?) pC? 1 1 
Case2,n =-1:[ dp = J ————dr ; or: p= p, + —(->5--) _ Ans.(b2) 
Po R r r? 


2 R? 


Case 1, vọ= Cr, is solid-body rotation. Case 2, vọ= C/r, is an irrotational potential vortex. 





Chapter 4 « Differential Relations for a Fluid Particle 329 


P4.39 Reconsider the angular- tt Ryde 

momentum balance of Fig. 4.5 by adding oo 
a concentrated body couple Cz about the z 
axis [6]. Determine a relation between the 


@ = Rotation 








body couple and shear stress for anele 

equilibrium. What are the proper Tey] | dy rae ty t Ely dae 
dimensions for Cz? (Body couples are C_dxdydz 

important in continuous media with $ 

microstructure, such as granular SA 

materials.) m 


Solution: The couple Cz has to be 
per unit volume to make physical sense 
in Eq. (4.39): 


1 Ory, 1 Or 1 do 
Ta —T,, +—-— dx -——** dy |dx dy dz + C,dx dy dz = — pdx dy dz(dx? + dy”) —— 
(3 wt > By 2 by y y 2dx dy pee ( Ye 








Reduce to third order terms and cancel (dx dy dz): tyx- my=Cz Ans. 
The concentrated couple allows the stress tensor to have unsymmetrical shear stress terms. 





P4.40 For pressure-driven laminar flow between parallel plates (see Fig. 4.12b), 
the velocity components are u = U(1- y’/ h’), v = 0, and w = 0, where U is the centerline 
velocity. In the spirit of Ex. 4.6, find the temperature distribution T(y) for a constant wall 
temperature Tw. 


Solution: There are no variations with x or z, so the energy equation (4.53) reduces to 











ôT oT ôu d°T du 
pcp u—=0=k—> + uC = k= + w=", 
Ox oy oy dy dy 
aT u ,2Uy. 2 4uU? 2 dT 4uU? y? 
or: — = -—-(—=) = - ; Integrate: — = — —+C 
E oe grate: = Oa O 
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The condition T = Tw at +h is equivalent to dT/dy = 0 at y = 0. Thus C; = 0. Integrate again: 


4 2 4 4 2 4 2 
WE, wa gehen nen ¥en, weap aes 
khi 12 khi 3k 











The final solution for T(y) is, like Ex. 4.6, a quartic polynomial: 


2 4 
HU y 
T(y) = T, + See Ans. 





P4.41 As mentioned in Sec. 4.10, the velocity profile for laminar flow between two 
plates, as in Fig. P4.40, is 


ig = ai AY) v=w=0 
h 


If the wall temperature is Tw at both walls, use 








Fig. P4.41 
the incompressible-flow energy equation (4.75) to solve for the temperature distribution 
T(y) between the walls for steady flow. 


Solution: Assume T = T(y) and use the energy equation with the known u(y): 


aT T (du) dT [4u : 
= k—+yu|—], or: pc,(0)=k—+ mx (h-2 > OF: 
Peo T dy? [| pe, (0) ay? Hye (h—2y) 





2 A; 2 3 
D 160 ax (h? —4hy +4y’), Integrate: aE 16 (Anas ey 2hy” 4 4y H 3 
dy kh* dy kh 3 
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Before integrating again, note that dT/dy = 0 at y = h/2 (the symmetry condition), so 
C1 =-h*/6. Now integrate once more: 


Loja (Xo LY, 
T=- f an ++ Cy |+C, 





If T = Tw at y = 0 and at y =h, then C2 = Tw. The final solution is: 





2 2 3 4 
THT, + 3Humax| _Y _ ey X 7 a re 
k |3h h? 3h? 3h 


This is exactly the same solution as Problem P4.40 above, except that, here, the 
coordinate y is measured from the boo tom wall rather than the centerline. 





P4.42 Suppose that we wish to analyze the rotating, partly-full cylinder of Fig. 2.23 as a 
spin-up problem, starting from rest and continuing until solid-body-rotation is achieved. 
What are the appropriate boundary and initial conditions for this problem? 


Solution: Let V = V(r, z, t). The initial condition is: V(r, z, 0) = 0. The boundary 
conditions are 

Along the side walls: v&R, z, t)= RQ, vr(R,z,)=0, vz(R, z,) =0. 

At the bottom, z=0: var, 0, t)=rQ, vr(r, 0, 1)=0,  vz(r, 0, ft) = 0. 

At the free surface,z= 7: p=patm, tz =Tz=0. 





P4.43 For the draining liquid film of Fig. 
P4.36, what are the appropriate boundary 
conditions (a) at the bottom y = 0 and (b) at 
the surface y = h? 





Fig. P4.36 
Solution: The physically realistic conditions at the upper and lower surfaces are: 


(a) at the bottom, y = 0, no-slip: u(0)=0 Ans. (a) 


(b) At the surface, y = h, no shear stress, We =0, or ft =0 Ans. (b) 
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P4.44 Suppose that we wish to analyze the sudden pipe-expansion flow of Fig. P3.59, 
using the full continuity and Navier-Stokes equations. What are the proper boundary 
conditions to handle this problem? 


Solution: First, at all walls, one would impose the no-slip condition: ur = uz = 0 at all 
solid surfaces: at r= r1 in the small pipe, at r = r2 in the large pipe, and also on the flat- 
faced surface between the two. 


Pressure = p, Control 
volume 





Fig. P3.59 

Second, at some position upstream in the small pipe, the complete velocity 
distribution must be known: u1 = u1(r) at z = z1. [Possibly the paraboloid of Prob. 4.34.] 

Third, to be strictly correct, at some position downstream in the large pipe, the 
complete velocity distribution must be known: u2 = u2(r) at z = z2. In numerical 
(computer) studies, this is often simplified by using a “free outflow” condition, Ou/0z = 0. 

Finally, the pressure must be specified at either the inlet or the outlet section of the 
flow, usually at the upstream section: p = p1(r) at z = z1. 





P4.45 For the sluice gate problem of Example 3.10, list all the boundary conditions 
needed to solve this flow exactly by, say, Computational Fluid Dynamics (CFD). 
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Solution: There are four different kinds of boundary conditions needed, as labeled. 
(1) Known velocity V; upstream, and of course the depth yı must be known. 
(2) Known pressure Patm at both the upstream and downstream free surfaces. 
(3) No-slip (V = 0) all along the bottom and on the gate inner wall. 


(4) The downstream flow is complicated because we don’t know V) or y2 and therefore 
cannot specify them. What CFD modelers do is to have an adjustable upper boundary 
and specify that the exit flow is “smooth”, or “zero gradient”, that is, 0V/Ox = 0. 





P4.46 Fluid from a large reservoir at temperature To flows into a circular pipe of radius 
R. The pipe walls are wound with an electric-resistance coil which delivers heat to the 
fluid at a rate qw (energy per unit wall area). If we wish to analyze this problem by using 
the full continuity, Navier-Stokes, and energy equations, what are the proper boundary 
conditions for the analysis? 


Solution: Letting z = 0 be the pipe entrance, we can state inlet conditions: typically 
uz(r, 0) = U (a uniform inlet profile), ur(r, 0) = 0, and T(r, 0) = To, also uniform. 

At the wall, r = R, the no-slip and known-heat-flux conditions hold: uz(R, z) = ur(R, z) = 0 
and k(@T/0@r) = qw at (R, z) (assuming that qw is positive for heat flow in). 





At the exit, z = L, we would probably assume ‘free outflow’: Guz/0z = OT/0z = 0. 
Finally, we would need to know the pressure at one point, probably the inlet, z = 0. 





P4.47 Given the incompressible flow V = 3yi + 2xj. Does this flow satisfy continuity? 
If so, find the stream function y(x, y) and plot a few streamlines, with arrows. 
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>< 


Solution: With u = 3y and v = 2x, we 
may check Ou/0x + Ov/Cy =0 + 0=0, OK. | ee 
Find the streamlines from u = 0w/dy = 3y o 


and v = -yl óx = 2x. Integrate to find 
519 
y= oe, —x? Ans. = 39° a =x 


2 





Set y = 0, +1, +2, etc. and plot some 
streamlines at right: flow around corners of 
half-angles 39° and 51°. 





P4.48 Consider the following two-dimensional incompressible flow, which clearly satisfies 
continuity: 


u= Uo = constant, v= Vo = constant 


Find the stream function y(r, 0) of this flow, that is, using polar coordinates. 


Solution: In cartesian coordinates the stream function is quite easy: 
u= ĝylĉy=Uo and v=-0Wa&=Vo or: w= Uoy- Vox + constant 
But, in polar coordinates, y = rsin@ and x = rcos@. Therefore the desired result is 


wr, 0 = Uor sin? — Vor cos@ + constant Ans. 





P4.49 Investigate the stream function y = » 
KO — y3, K = constant. Plot the streamlines 
in the full xy plane, find any stagnation 
points, and interpret what the flow could 
represent. 


Solution: The velocities are given by 


u= ey: v=- ee 
oy OX 





This is also stagnation flow, with the stream- 
lines turned 45° from Prob. 4.48. 





P4.50 In 1851, George Stokes (of Navier-Stokes fame) solved the problem of steady 
incompressible low-Reynolds-number flow past a sphere, using spherical polar coordinates 
(r, 0) — [Ref. 5, page 168]. In these coordinates, the equation of continuity is 


= (rv, sind) + <crvg sind) = 0 


(a) Does a stream function exist for these coordinates? (b) If so, find its form. 


Solution: Two velocity components and two continuity terms. Yes, y exists! Ans.(a) 
(b) The stream function should be defined such that continuity takes the form 














2 2 
-— oy + oy =0, or: 
oro@ odor 
Vg = l ae pe VS : on Ans.(b) 
rsin@ ôr r-sin@ 00 





P4.51 The velocity profile for incompressible pressure-driven laminar flow between parallel 
plates (see Fig. 4.12) has the form u = Ck- y3, where C is a constant. (a) Determine if a 
stream function exists. (b) If so, determine a formula for the stream function, 


Solution: (a) A stream function exists, for a single velocity component u, if Ou/Ox = 0, which 
it certainly is, since u is a function only of y. Yes, y exists. Ans.(a) 
(b) Finding the stream function is just a matter of direct integration: 


v= ana = 0, hence yw isa function only of y 
x 


3 
u= w- Ch? -y’) ; Integrate: y = C(h’y - = + constant  Ans.(b) 
y 





P4.52 A two-dimensional, incompressible, frictionless fluid is guided by wedge-shaped 
walls into a small slot at the origin, as in Fig. P4.52. The width into the paper is b, and the 
volume flow rate is Q. At any given distance r from the slot, the flow is radial inward, 
with constant velocity. Find an expression for the polar-coordinate stream function of this 
flow. 


8 =nxi4 





Fig. P4.52 


Solution: We can find velocity from continuity: 


v =-Q--—ļQ -1% from Eq. (4.101). Then 
A (a/Ayb 1 0 





y=- Ra +constant Ans. 
ab 


This is equivalent to the stream function for a line sink, Eq. (4.131). 








P4.53_ For the fully developed laminar-pipe-flow solution of Eq. (4.137), find the 
axisymmetric stream function y(r, z). Use this result to determine the average velocity 
V = Q/A in the pipe as a ratio of umax. 


Solution: The given velocity distribution, vz = umax(1 — 7/R?), vr = 0, satisfies 
continuity, so a stream function does exist and is found as follows: 


4 
V, = Umax (1 -r°/R?) = L solve for Y = Umax T + f(z), now use in 
ra ise 2 4R aR?) 
(r? t) 
v, =0= sel =0+ a thus f(z) = const, W= uU max Fa Nae, 
r ó dz G 2 4R? 


We can find the flow rate and average velocity from the text for polar coordinates: 


Qhs = 27( y= v), or: Qo-r = 2al umn S-E — Unax (0 -o E Ri 
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Then Vag = Q/A 


1 
2 Drio 
pipe = [(/2)R U max/( 7R )]= 7 "max Ans. 
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P4.54 An incompressible stream function 
is defined by 


U 
y(x, y)= ery) 


where U and L are (positive) constants. 
Where in this chapter are the streamlines of 
this flow plotted? Use this stream function to 
find the volume flow Q passing through the 
rectangular surface whose corners are defined by (x, y, z) = (2L, 0, 0), (2L, 0, b), (0, L, b), 
and (0, L, 0). Show the direction of Q. 





Fig. E4.7 


Solution: This flow, with velocities u = dyldy = 3U/L*(x* — y*), and v = —2y/éx = 
—6xyU/L?, is identical to Example 4.7 of the text, with “a” = 3U/L~. The streamlines are 
plotted in Fig. E4.7. The volume flow per unit width between the points (2L, 0) and (0, L) is 


U 
E 





Q/b = (2L, 0) — y (0, D=30 0- [BO L-L]=UL, or: Q=ULb Ans. 


Since yat the lower point (2L, 0) is larger than at the upper point (0, L), the flow through 
this diagonal plane is to the left, as per Fig. 4.9 of the text. 





P4.55 For the incompressible plane flow of Prob. P4.6, with velocity components 
u = 2y, v = 8x, w = 0, determine (a) if a stream function exists. (b) If so, determine the 
form of the stream function, and (c) plot a few representative streamlines. 


Solution: (a) Check to see is two-dimensional continuity is satisfied: 


Ou ov ô ô 
H = 2y) +4 8x) =0+0= 0 Yes, ists. Ans. 
ax ay Bx | y) ay | x) es, y exists ns.(a) 





(b) Find the stream function by relating velocities to derivatives of y: 


BW hs ia eM 


u=2y = ; ——; Integrate: y = y* = 4x" + constant Ans.(b) 
oy Ox 
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(c) Plot a few streamlines, that is, plot y = 4x? + C_ for various C. Here are the 
results: 









































P4.56 Investigate the velocity potential 
¢ = Kxy, K = constant. Sketch the potential 
lines in the full xy plane, find any 
stagnation points, and sketch in by eye the 
orthogonal streamlines. What could the 
flow represent? 





Solution: The potential lines, ø = constant, 
are hyperbolas, as shown. The streamlines, Fig. P4.56 

sketched in as normal to the ¢ lines, are also hyperbolas. The pattern represents plane 
stagnation flow (Prob. 4.49) turned at 45°. 





P4.57 A two-dimensional incompressible flow field is defined by the velocity 
components 


u=2V| Ž-2 y=-2v> 
L L 
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where V and L are constants. If they exist, find the stream function and velocity potential. 


Solution: First check continuity and irrotationality: 


u Ov W XWV 


—+—=—-—=0 y exists; 
ox oy L L 
2 
VxV = (2-2) -x(0-%) +0 ¢ does not exist 
ox Oy L 


To find the stream function y, use the definitions of u and v and integrate: 


oy y w y 
=2V $ =2V| —-— |+ 
By (3 z} s (2 ar 





Evaluate eve = vy + a =-y= 2Vy 
Ox L dx L 
2\ 
Thus “=0 and y a +const Ans. 
dx Vie ny 





P4.58 Show that the incompressible velocity potential in plane polar coordinates (r, 0) 
is such that 

oo 1% 
p = v6 — 

or r 00 
Finally show that ¢ as defined satisfies Laplace’s equation in polar coordinates for 
incompressible flow. 


Solution: Both of these things are quite true and easy to show from the definition of the 
gradient vector in polar coordinates. Ans. 





P4.59 Consider the two-dimensional incompressible velocity potential ¢ = xy + = y. 
(a) Is it true that v2 ¢ = 0, and, if so, what does this mean? (b) If it exists, find the stream 
function y(x, y) of this flow. (c) Find the equation of the streamline which passes through 


&, y) = (2, 1). 


Solution: (a) First check that Vd = 0, which means that incompressible continuity is 
satisfied. 


2; 2 
vy- Tgi + =0+2-2=0 Yes 
x 
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(b) Now use ¢ to find u and v and then integrate to find y. 


op oy y 
=—=y+2x=—, h =—+2xy+ 
u Or yt+2x by ence y E xy+ f(x) 
2 
E E E E hence fœ) =- + const 
oy Ox dx 2 


1 
The final stream function is thus w= z. y’ —x’)+2xy+ const Ans. (b) 


(c) The streamline which passes through (x, y) = (2, 1) is found by setting y= a constant: 


1 
At (x,y) =(2, 1), vas 27) +2(2)(1) = st4=2 





Thus the proper streamline is y= ioy -x°)+2xy = : Ans. (c) 





P4.60 Liquid drains from a small hole in 
a tank, as shown in Fig. P4.60, such that Pam iL 

the velocity field set up is given by ur = 0, vz aor 
20, 0g= oR2/r, where z = H is the depth of 

the water far from the hole. Is this flow 
pattern rotational or irrotational? Find the 


I< 





depth zc of the water at the radius r = R. : H 
r=R 
Solution: From Appendix D, the angular Fig: FA:60 
velocity is 
1 1 
QO, = Lf te, )- LG =0 (URROTATIONAL) 
ror r 00 


Incompressible continuity is valid for this flow, hence Bernoulli’s equation holds at the 
surface, where p = patm, both at infinity and at r = R: 


1 1 
Patm H 2 PVE H pgH z Patm H 2 PYR H P&Z, 





2 p2 


Introduce V,_,,.=0 and V..,=@R toobtain zo =H —- Ans. 





28 
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P4.61 For the incompressible plane flow of Prob. P4.6, with velocity components u = 
2y, v = 8x, w = 0, determine (a) if a velocity potential exists. (b) If so, determine the form of 
the velocity potential, and (c) plot a few representative potential lines. 


Solution: (a) A velocity potential exists if the vorticity is zero. Here, for plane flow in (x, y) 
coordinates, we need only evaluate rotation around the z axis: 


6, = 20, = Gu Oe a 8-2 = +6 #0 _ Rotational, ¢ doesnot exist. Ans.(a) 


z ôx oy 





(b, c) There is no velocity potential — no plot, no formula. The flow has constant vorticity. 





P4.62 Show that the linear Couette flow x Moving 
between plates in Fig. 1.6 has a stream plate: 





function but no velocity potential. Why is < 
this so? roiak 
. Viscous 
h x ‘fluid i 
Solution: Given u = Vy/h, v = 0, check 
continuity: 
zo SH Fixed plate 
Fig. 1.6 
A N 2 , A A 
—+— =0=0+0 (Satisfied therefore y exists). Find y from 
x oy 
u= Wi = ae v=0= Bm solve for y = Xea +const Ans. 
h ww OX 2h 
Now check irrotationality: 
20, = A Ati 0- x +0! (Rotational, ø does not exist.) Ans. 
OX oa h 
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P4.63 Find the two-dimensional velocity potential ¢(r,@ for the polar-coordinate flow 
pattern vr = Q/r, bg= K/r, where Q and K are constants. 


Solution: Relate these velocity components to the polar-coordinate definition of ¢: 


pe eee, solve for ¢= QIn(r)+ KO + const Ans. 
r & r roo 





P4.64 Show that the velocity potential ør, z) in axisymmetric cylindrical coordinates 
(see Fig. 4.2 of the text) is defined by the formulas: 


n- 8 
or “ 


Further show that for incompressible flow this potential satisfies Laplace’s equation in (7, z) 
coordinates. 


Solution: Both of these things are quite true and are easy to show from their definitions. Ans. 





P4.65 A two-dimensional incompressible 
flow is defined by 


D Ky _ Kx 





vay p y 
where K = constant. Is this flow irrotational? 
If so, find its velocity potential, sketch a 


few potential lines, and interpret the flow 
pattern. 





Solution: Evaluate the angular velocity: 


Ww ow K 2Kx? K 2Ky? 


20, + 
Ox oy x2 +y? (x? yy x? +y (x? +y y7 


Zz 





= 0 (Irrotational) Ans. 


Introduce the definition of velocity potential and integrate to get øx, y): 


pos D Ja BE solve for p=Ktan"(2)=Ke Ans. 
OX x+y y x+y x 





The ¢ lines are plotted above. They represent a counterclockwise line vortex. 
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P4.66 A plane polar-coordinate velocity potential is defined by 
K cos 0 
o= 


7 
Find the stream function for this flow, sketch some streamlines and potential lines, and 
interpret the flow pattern. 


K = const 





Solution: Evaluate the velocities and thence find the stream function: 








Fig. P4.66 
i _ Cb KeosO_loy. _1e_ Ksind_ oy 
© & r ræ ? ræ r? or’ 
Ksing 


solve y=- Ans. 





The streamlines and potential lines are shown above. This pattern is a line doublet. 
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P4.67 A stream function for a plane, 
irrotational, polar-coordinate flow is 


yw=C@-KI\nr C and K =const 


Find the velocity potential for this flow. 
Sketch some streamlines and potential 
lines, and interpret the flow pattern. 





Solution: If this problem is given early 
enough (before Section 4.10 of the text), the 
students will discover this pattern for themselves. It is a line source plus a line vortex, a 
tornado-like flow, Eq. (4.134) and Fig. 4.14 of the text. Find the velocity potential: 


Fig. 4.14 





yl _£_ æK 
ræð r & 8 Ot 





solve ø=Cln(r)+K0 Ans. 


The streamlines and potential lines are plotted above for negative C (a line sink). 





P4.68 For the velocity distribution of Prob. P4.4, (a) determine if a velocity potential 
exists and, if it does, (b) find an expression for (x,y) and sketch the potential line which 
passes through the point (x, y) = (Z/2, L/2). 


Solution: Recall the given flow, u = U,(1+x/L) and v = -U,(y/L). (a) Calculate if the 
flow is irrotational. For plane flow, only one term of the curl(V) is needed: 


20, = ov _ Ou =0-0=0 >; Yes,curl(V)=0 
ôx oy 


Therefore a velocity potential does exist. Ans.(a) (b) To find ¢, integrate from u and v: 
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2 


CA = - „Dd = x, 
ae eS Thus @ Jud fuoa pa U(x+) + fO) 





2 





A pe o+ -= -u,?, or: f=-U,2-+ constant 
oy dy L 2L 
2 
xo x-y 
Thus = (U,L\(—+ + const Ans.(b 
p= UDC (b) 


For a potential line to pass through (L2, L/2), we must have ¢/(U,/L) = [1/2 + {(1/2)° - 
(1/2)°}/2] = %. For convenience let the const = 0. Thus we are to plot this potential line: 


Drow 62 
x-y 


ov? 





b a* 4 
U,L L 


The result is plotted (red) in the graph below, along with the (blue) y line, which has the 
analytic form y = U,(y + xy/L) = 3U,L/4. 





0.9 
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P4.69 A steady, two-dimensional flow has the following polar-coordinate velocity potential: 


¢@ = Crceos@ + Kinr 


where C and K are constants. Determine the stream function wr, @) for this flow. For extra 
credit, let C be a velocity scale U, let K = UL, and sketch what the flow might represent. 


Solution: Write out the yand ¢ expressions for polar-coordinate velocities: 








a cee 2 le hence y = Crsinð + K0 + f(r) 
r r r 00 

vo = Log Csin@ + K(0) = ow , hence |w = Crsin@ + K@+ constant |Ans. 
r 00 or 








Extra credit: Plot a typical streamline for C = U and K = UL: 





0.8 


0.6 


0.4 


0.2 


0.0 





-0.2 
-0.2 -01 00 01 02 03 04 











All the streamlines are logarithmic spirals coming out from the origin in every direction. 
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P4.70 A CFD model of steady two-dimensional 


y=l.1m | y =1.9552 m/s 2.0206 





incompressible flow has printed out the values of 


stream function y(x, y), in m//s, at each of the 
fa ? 


four corners of a small 10cm-by-10cm cell, as 
y=10m | 1.7308 m’/s 1.7978 











shown in Fig. P4.70. Use these numbers to 
x=15m x=16m 


estimate the resultant velocity in the center of Fig. P4.70 


the cell and its angle @ with respect to the x axis. 


Solution: Quick analysis: the y values are higher on the top than the bottom, therefore u is to 
the right. The y values are higher on the right than the left, therefore v is down. There are 
several ways to estimate the center velocities. One simple way is to compute average values of 
y on the sides: 


1.9879 


1.8430 


1.9092 


1.7643 
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Then Ucenter* AywAy = (1.9879-1.7643 m’/s)/(0.1m) = 2.236 m/s to the right. And Venter % 
AywlAx = (1.9092-1.8430 m’/s)/(0.1m) = 0.662 m/s down. The resultant and its angle are 


= (2.236)? + (0.662)? = 2.332 m/s ; æ = tan! Cx) = = 16.5° down Ans. 


The y values in this problem are in fact taken 





from an exact solution, V = 2.3315 m/s, a= 16.505°. 





P4.71 Consider the following two-dimensional function f(x, y): 


f= Ax? + Bxy’ + Cx? + D , where A>0 
(a) Under what conditions, if any, on (A,B,C,D) can this function f be a steady, plane-flow 
velocity potential? (b) If you find a øx, y) to satisfy part (a), also find the associated stream 
function yx, y), if any, for this flow. 


Solution: (a) If fis to be a plane-flow velocity potential, it must satisfy Laplace’s equation: 


V?f = 6Ax + Bx+2C =0 if B=-3A and C=0 
The velocity potential is g= Ax? -3Axy? + D Ans.(a) 
(b) To find y, use ¢ to get u and v and work backwards to get the stream function: 








pa ua? cea, oy Sah ed YS 
ox oy 

v= es 6Axy = es 6Axy af , < f =const 
oy Ox dx 


Finally, y =3A xy- Ay? + const Ans.(b) 
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P4.72 Water flows through a two-dimensional 
narrowing wedge at 9.96 gal/min per meter of 


width into the paper. If this inward flow is purely 





Fig. P4.72 


radial, find an expression, in SI units, for (a) the 
stream function, and (b) the velocity potential of the flow. 


Assume one-dimensional flow. The included angle of the wedge is 45°. 


Solution: The wedge angle equals 7/4 radians. At any given position r, the inward flow equals 





2 2. 2 _ _40Kxb) 
r A (m/4)rb r 

5 3 3 
heie AOD m E 4(9.96 gal / min/ m)(6.309E — 5n /s/ gpm) 





= 0.00080 
S= 


1 
We have already been advised that vg = 0. (a) Work from radial velocity to stream function: 


_ _0.00080m*/s—m _ 1 ey 


= ee 


r r 00 
Note that r must be in meters. (b) Work from radial velocity to obtain velocity potential: 


; Solve w = —0.00080 6 Ans.(a) 


_0.00080m*s—m _ ag 


Vv. = —-———————— =— ; Solve @ = —0.00080 In(r) Ans.(b) 
r or 
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P4.73 A CFD model of steady two-dimensional 








¢= 4.8338 m/s 5.0610 

incompressible flow has printed out the values of iat = 
Vv? 
velocity potential (x, y), in m/s at each of the a? 
four corners of a small 10cm-by10cm cell, as A 
y=1.0m | 4.9038 m“/s 5.1236 
shown in Fig. P4.73. Use these numbers to x=15m x= 16m 
Fig. P4.73 


estimate the resultant velocity in the center of 


the cell and its angle œ with respect to the x axis. 


Solution: Quick analysis: the ø values are lower on the left than the right, therefore u is to the 
right. The @ values are lower on the top than the bottom, therefore v is down. There are several 
ways to estimate the center velocities. One simple way is to compute average values of ¢ on 


the sides: 
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4.9474 m/s 





4.8688 | u 


m l 5.0923 


5.0137 











Then Ucenter * Ag/Ax = (5.0923-4.8688 m7/s)/(0.1m) = 2.235 m/s to the right. And Veenter © 


IA@/Ayl = (5.0137-4.9474 m’/s)/(0.1m) = 0.663 m/s down. The resultant and its angle are 


V ~ (2.235)? +(0.663)? = 2.331 m/s ; c= tan (SS) = 16.5" Ans. 


The ø values in this problem are in fact taken 





from an exact solution, V = 2.3315 m/s, æ = 16.505° down. 





P4.74 Consider the two-dimensional incompressible polar-coordinate velocity potential 


@ = BrcosO + BLO 
where B is a constant and L is a constant length scale. (a) What are the dimensions of B? 


(b) Locate the only stagnation point in this flow field. (c) Prove that a stream function exists 
and then find the function y(r, 0). 
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Solution: (a) To give ¢ its correct dimensions of {L’/T}, the constant B must have the 
dimensions of velocity, or {L/T}. Ans.(a) 


(b) Calculate velocities in polar coordinates: 


ya Pa BeO ; pal ape A 
ôr r 00 r 


At first it doesn’t look as if we can find a stagnation point, but indeed there is one: 


r=L, 0=180°: vg=0, Meio ee 0 Ans.(b) 


As discussed later in Chap. 8, this is the velocity potential of a Rankine half-body. 


(c) With the velocities known, check the continuity equation: 


lo (rv,) 4 lvo 0 = Bcos@ Bcos@ 


t = 0 Yes, satisfied 
r or r 00 r r 





Continuity is satisfied. Find the stream function from the definition of y(r, 0): 


-10V ee >; Vo i OV oe | pe ngs BE 
r or r 


Integrate: w = BrsinO + BLinr+ const — Ans.c) 


r 





P4.75 Given the following steady axisymmetric stream function: 


4 
y= Zo Te , where B and R are constants 


2R? 
valid in the region 0<r< Rand0< z< L. (a) What are the dimensions of the constant B? 


(b) Show whether this flow possesses a velocity potential and, if so, find it. (c) What might this 
flow represent? [HINT: Examine the axial velocity vz.] 
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Solution: (a) From the definition of wr, z) in Eqs. (4.105), the dimensions of y are {LT Ņ. 
Thus B has velocity dimensions, {B} = {L/T}. Ans.(a) 


(b) To test for irrotationality, first find the velocity components from Eqs. (4.106): 


r? 


3 
se ag ae A E= B a 


z r Oo m8 r or r2 





Now evaluate the curl of the velocity, which has only one possible non-zero component. From 


Appendix D, Eq. (D.11), 


204 = Ov, 


a at 
oz or 


= 0- a #0 Rotational , ¢ does not exist. Ans.(b) 
R 





(c) The interpretation of the flow follows immediately from the velocity components. The 
velocity profile is a paraboloid of revolution and represents Poiseuille pipe flow, Eq. (4.137). 
Ans.(c) 





*P4.76 A two-dimensional incompressible flow has the velocity potential 
b = K(x?-y?) + Chn? +y?) 


where K and C are constants. In this discussion, avoid the origin, which is a singularity (infinite 
velocity). (a) Find the sole stagnation point of this flow, which is somewhere in the upper half 
plane. (b) Prove that a stream function exists and then find y(x, y), using the hint that 


faxa) = (atan! (o/a). 
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Solution: (a) Find the velocity components and see where they both equal zero: 


2Cx OEA 2Ky 4 2Cy 
ax yy? 


u = op = 2Kx +4 
ax 4 y? 





For positive K and C, u cannot be zero anywhere except at x = 0. Then v = 0 if 





2Ky = 2E , or: stagnationat x=0 and y= B Ans.(a) 
y 
(b) First check the velocities to see if continuity is satisfied: 
ôu av 2C 4Cx? 2C 4Cy? 
SEK Psa. = 5 aot RS y 0 
ôx Oy x +y (x^ +y°) x +y (x° +y") 


The algebra is messy but, indeed, continuity is satisfied, y exists. Ans.(b) — part 1. Now 


integrate the velocity components to find the stream function : 








ge i Ri SaR and pee okys a 
oy x +y Ox x +y 
Integrate to obtain w = 2Kxy + 2C tan! 2) + const Ans.(b) 
x 





P4.77 Outside an inner, intense-activity circle of radius R, a tropical storm can be 
simulated by a polar-coordinate velocity potential g(r, 0) = U, R 0, where U, is the wind 
velocity at radius R. (a) Determine the velocity components outside r = R. (b) If, at R= 
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25 mi, the velocity is 100 mi/h and the pressure 99 kPa, calculate the velocity and pressure 
at r = 100 mi. 


Solution: (a) First, convert U, = 100 mi/h = 44.7 m/s and R = 25 mi = 40,200 m. The 
velocities are calculated from ¢, as requested in Prob. P4.58: 





U,R 
v, - ĈURO) = 0 5 Wg = 12 URO) = 2 Ans.(a) 
ôr roo r 


Outside the “intense” region, the wind is simulated as a circulating “potential vortex” 
whose velocity drops off inversely as the radius. (b) The flow is irrotational, otherwise ¢ 
would not exist. Thus Bernoulli’s equation applies outside r = R, with no elevation change 


at the ocean surface. Take surface air density to be sea-level standard, p = 1.225 kg/m’. 





U,R U 
Abereak aimo a Oo ee PER a 

4R 4 4 s 
Bernoulli: p; + ew = Po + ve > OF: 


99,000 + (1.225/2)(44.7)? = py + (1.225/2)(11.2)? , Solve Pioomi = 100,150 Pa Ans.(b) 


The pressure far from the storm is approximately sea-level standard pressure. 





P4.78 An incompressible, irrotational, two-dimensional flow has the following stream 
function in polar coordinates: 


y = Ar"sin(n@) , where A and n are constants. 


Find an expression for the velocity potential of this flow. 
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Solution: Use y to find the velocity components, then integrate back to find ¢. 


v, = POW = nAr"™|cos(n0) = ae Integrate: ¢ = Ar” cos(n@) + f(A) 
r 00 or 
v = -X = -n Ar”! sin(n0) = £ = “[-nar” sin(nO)] + a 
df i 
Compare : 76 =0, andthus ¢ = Ar’ cos(n@) + constant Ans. 





P4.79 Study the combined effect of the 
two viscous flows in Fig. 4.16. That is, find 
u(y) when the upper plate moves at speed V 
and there is also a constant pressure gradient 
(dp/dx). Is superposition possible? If so, 
explain why. Plot representative velocity 
profiles for (a) zero, (b) positive, and 
(c) negative pressure gradients for the same 
upper-wall speed V. 


Solution: The combined solution is 


2 2 
aoe 142 8 _ dp PRE 
2\ h) 2u\ dx w 


The superposition is quite valid because the 
convective acceleration is zero, hence what 
remains is linear: Vp = 1N’. Three 
representative velocity profiles are plotted 
at right for various (dp/dx). 





Negative pressure gradj 


Zero pressure gradient 








Positive pressure gradient 
0.60 


Fig. P4.79 
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P4.80 An oil film drains steadily down the side of a vertical wall, as shown. After an 
initial development at the top of the wall, the film becomes independent of z and of 
constant thickness. Assume that w = w(x) only that the atmosphere offers no shear 
resistance to the film. (a) Solve Navier-Stokes 





for w(x). (b) Suppose that film thickness and [/w/2x] at the wall are measured. Find an 
expression which relates yz to this slope [@w/0x]. 


Solution: First, there is no pressure gradient piz because of the constant-pressure 
atmosphere. The Navier-Stokes z-component is (d w/dx?) = pg, and the solution requires 
w =0 at x = 0 and (dw/dx) = 0 (no shear at the film edge) at x = 6. The solution is: 


w= n 26) Ans. (a) NOTE: w is negative (down) 
u 


The wall slope is dw/dx watt = —pgd/m, rearrange: u=- pgôl[dw/dxl au] Ans. (b) 





P4.81 Modify the analysis of Fig. 4.17 to 
find the velocity vg when the inner cylinder 
is fixed and the outer cylinder rotates at 
angular velocity Qo. May this solution be 
added to Eq. (4.146) to represent the flow 
caused when both inner and outer cylinders 
rotate? Explain your conclusion. 





Solution: We apply new boundary condi- Fluid: p, p 
tions to Eq. (4.145) of the text: 


vo = Cir + C,/r; 
At r=, Vg=0=Cyr,+C,/, Fig. 4.17 
At r=, Va =Q n =C +C 


Solve for C} and C,. The final result: v4 =Q,r, (ae 
r/r -r/n 





Ans. 
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This solution may indeed be added to the inner-rotation solution, Eq. (4.146), because the 
convective acceleration is zero and hence the Navier-Stokes equation is linear. 








P4.82 A solid circular cylinder of radius 

R rotates at angular velocity Q in a viscous vel, 6,1) 
incompressible fluid which is at rest far as 
from the cylinder, as in Fig. P4.82. Make 
simplifying assumptions and derive the 
governing differential equation and boundary 
conditions for the velocity field vo in the 
fluid. Do not solve unless you are obsessed : 
with this problem. What is the steady-state Fig. P4.82 
flow field for this problem? 





Solution: We assume purely circulating motion: vz = vr = 0 and 700 = 0. Thus the 
remaining variables are vg = fcn(r, t) and p = fcn(r, t). Continuity is satisfied identically, 
and the momentum equation reduces to a partial differential equation for v¢ 


No _H 13 (, Me) Ye subject to v,(R,t)=QR and v,(, t)=0 Ans. 
& præ & r 


I am not obsessed with this problem so will not attempt to find a solution. However, at 
large times, or t = œ, the steady state solution is vg= QR?/r. Ans. 





P4.83 The flow pattern in bearing lubrication can be illustrated by Fig. P4.83, where a 
viscous oil (p, 4) is forced into the gap h(x) between a fixed slipper block and a wall 
moving at velocity U. If the gap is thin, h « L, it can be shown that the pressure and 
velocity distributions are of the form p = p(x), u = u(y), v = w = 0. Neglecting gravity, 
reduce the Navier-Stokes equations (4.38) to a single differential equation for u(y). What 
are the proper boundary conditions? Integrate and show that 


(ey -yin+u( 1-2} 
2u dx h 


where h = h(x) may be an arbitrary slowly varying gap width. (For further information on 
lubrication theory, see Ref. 16.) 
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Fig. P4.83 


Solution: With u = u(y) and p = p(x) only in the gap, the x-momentum equation becomes 


du d eu du id 
pet gh ; _idp 


z (OF: 5 = constant 
dt dx onl dy“ ywdx 





2 
Integrate twice: u= Ler, Cy+C,, withu(0)=U and u(h)=0 
pdx 


With C1 and C2 evaluated, the solution is exactly as listed in the problem statement: 


1 
u= 1 dP y? -m+ u(1-¥) Ans. 
2u dx h 





P4.84 Consider a viscous film of liquid 
draining uniformly down the side of a 6 
vertical rod of radius a, as in Fig. P4.84. 
At some distance down the rod the film \ 


will approach a terminal or fully | 
developed draining flow of constant outer 


radius b, with vz = ver), Ve = Vr =0. ereleded 
Assume that the atmosphere offers no region 
shear resistance to the film motion. Derive Film 
a differential equation for vz, state the 

proper boundary conditions, and solve for u 
the film velocity distribution. How does p 


the film radius b relate to the total film 
volume flow rate Q? 
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Solution: With vz=fcn(r) only, the Navier-Stokes z-momentum relation is 


dv OP 2 
4=0=-—-+pg+pv'v,, 
P dt on PEt HUV V, 








ldf d ? 
or: N %) a2 Integrate twice: v, = as C, In@)+C, 
rdr\ dr u 4u 


The proper B.C. are: u(a) = 0 (no-slip) and p20) =0 (no free-surface shear stress) 


PE e? —a’) Ans. 


2 
The final solution is v, = peb In (= — 
4u 


7 2u a 


b 4 
The flow rateis Q =| v,2ar dr = a ae —1+40’ +4o‘Ino), 
H 


b 
where o=— Ans. 
a 





P4.85 A flat plate of essentially infinite 


width and breadth oscillates sinusoidally in its 
Incompressible 






own plane beneath a viscous fluid, as in viseous 
Fig. P4.85. The fluid is at rest far above the fluid u(x, y, z, 1)? 
plate. Making as many simplifying assump- 


tions as you can, set up the governing 


differential equation and boundary conditions 7 


Plate velocity: 





for finding the velocity field u in the fluid. Do 
not solve (if you can solve it immediately, Uosin wr 
you might be able to get exempted from the Fig. P4.85 


balance of this course with credit). 


Solution: Assume u = u(y, t) and Æ/óX = 0. The x-momentum relation is 


(>: Au 2.) op (Pu Pu) 


Pa ae ay a PRT Al a2 ta} 








or: (Zoso) -osora 042, or, finally: 


subject to: u(0,t)= U,sin(@t) and u(o,t)=0. Ans. 


a_nn 
a poy’ 





P4.86 SAE 10 oil at 20°C flows between parallel plates 8 mm apart, as in Fig. P4.86. A 
mercury manometer, with wall pressure taps 1 m apart, registers a 6-cm height, as shown. 
Estimate the flow rate of oil for this condition. 


Solution: Assuming laminar flow, this geometry fits Eqs. (4.143, 144) of the text: 


SAE 10 


oil 


—— Q 


8 mm 





Fig. 


in ——| 


P4.86 


2 
Vive = Z inas = (2) a where h = plate half-width = 4mm 


dx/ 3u 


For SAE 10W oil, take p = 870 kg/m? and u = 0.104 kg/m-s. The manometer reads 


Ap = (pHe — poil)gAh = (13550 — 870)(9.81)(0.06) ~ 7463 Pa for Ax=L= 1m 


Then V = 
Ax 3u 





2 2 
a (0.004) 393 ™ 
m 





3(0.104) ` 


3 


The flow rate per unit widthis Q= VA =(0.383)(0.008) = 0.00306 2 Ans. 
sm 


NOTE: The Reynolds number, based upon plate half-width, is 16, laminar. 





P4.87 SAE 30W oil at 20°C flows 
through the 9-cm-diameter pipe in Fig. 
P4.87 at an average velocity of 4.3 m/s. (a) 
Verify that the flow is laminar. (b) 
Determine the volume flow rate in m°/h. 
(c) Calculate the expected reading h of the 
mercury manometer, in cm. 


Solution: (a) Check the Reynolds number. 
For SAE 30W oil, from Appendix A.3, p= 
891 kg/m? and = 0.29 kg/(m-s). Then 


D=9 cm 





























( —> V SAE 30W Oil () 
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Red = pVd/= (891 kg/m)(4.3 m/s)(0.09 m)/[0.29 kg/(m-s)] = 1190 < 2000 Laminar Ans. (a) 


(b) With average velocity known, the volume flow follows easily: 
Q =AV = [(2/4)(0.09 m)*](4.3 m/s)(3600 s/h) = 98.5 m*/h_ Ans. (b) 


(c) The manometer measures the pressure drop over a 2.5 m length of pipe. From 
Eq. (4.147), 


m_ApR°_ Ap (0.045 m? 
s L 8u 2.5 m8(0.29 kg/m-s)’ 





V=43 solve for Ap =12320 Pa 


AP mano = 12320 = (Pyrore — Poin Bh = (13550 -891)(9.81)h, Solve h=0.099m Ans. (c) 








P4.88 The viscous oil in Fig. P4.88 is set 
into steady motion by a concentric inner 
cylinder moving axially at velocity U 
inside a fixed outer cylinder. Assuming 
constant pressure and density and a purely 
axial fluid motion, solve Eqs. (4.38) for the 
fluid velocity distribution vz(r). What 

are the proper boundary conditions? 


Fixed outer cylinder 






Fig. P4.88 
Solution: If vz = fcn(x) only, the z-momentum equation (Appendix E) reduces to: 


dv Op 2 Hal ws) 
2=-—-+pg,t+uVv,, or: 0=0+0+——| r—* 
a a TH o rdr\ dr 


The solutionis vz = C1 ln(r)+ C2, subjectto vz(aą)=U and vz(b)=0 
Solve for C1 = U/ln(a/b) and C2 = -C1 ln(b) 
-U In(r/b) 


The final solution is: v, = 
In(a/b) 








P4.89 Modify Prob. 4.88 so that the outer cylinder also moves to the left at constant 
speed V. Find the velocity distribution vz(r). For what ratio V/Ų will the wall shear stress 
be the same at both cylinder surfaces? 
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Solution: We merely modify the boundary conditions for the known solution in 4.88: 
vz =C]1 ln(r)+ C2, subjectto vz(a)=U and vz(b)=-V 
Solve for C1 = (U + V)/lIn(a/b) and C2= U - (U + V)ln(a)/ln(a/b) 


In(r/a) 


The final solution is v, = U+(U +V) 
In(a/b) 





The shear stress t= 4(U + V)/[r In(a/b)] and is never equal at both walls for any ratio of 
V/U unless the clearance is vanishingly small, that is, unlessaxb. Ans. 








P4.90 It is desired to pump ethanol at 20°C through 25 meters of straight smooth 
tubing under laminar-flow conditions, Rey = eVd/u< 2300. The available pressure drop 
is 10 kPa. (a) What is the maximum possible mass flow, in kg/h? (b) What is the 
appropriate diameter? 


Solution: For ethanol at 20°C, p = 789 kg/m’ and 4 = 0.0012 kg/m-s. From Eq. (4.138), 


zR Ap _ adt Ap 


8u L 1284 L 


Qaminar Hi 


Clearly, flow increases with diameter, so maximum mass flow requires the maximum 
diameter consistent with the maximum Reynolds number. The Reynolds number may be 
written out: 


_ pVd 490 4p. rdt Ap, pæ Ap 








Rey < 2300 
u ndu ndu 128y L 324? L 
2 2 
dn Bee 2300(32)u°L — 2300(32)(0.0012)* (25) _ 336E -Tm 
pAp (789) (10,000) 
Solve for dmax =0.00695m =~ 7 mm Ans.(b) 


The maximum mass flow is 


4 
kg JL m (0.00695m) (eS ms 0.0151 %8 -54 £ Ans) 
S 


ñ= pQ = (189 
Mmax = PQmax = (189° ire Oo Dkg/mes)y © 25m 
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Light liquids like ethanol stay laminar only for tiny diameters. To work the same problem 
with, say, SAE 30W oil, 42= 0.29 kg/m-s, would result in dmax = 26 cm, or 37 times larger. 
The maximum oil mass flow would be nearly nine thousand times larger. 





P4.91 Consider 2-D incompressible steady Couette flow between parallel plates with 
the upper plate moving at speed V, as in Fig. 4.16a. Let the fluid be nonnewtonian, with 
stress given by 








( a) ( 2) 5 ( a 2) 
Ty, =a T,, =a Ty =Ty = + , aandc are constants 
Ox} ey BE DN ay Oe 


Make all the same assumptions as in the derivation of Eq. (4.140). (a) Find the velocity 
profile u(y). (b) How does the velocity profile for this case compare to that of a 
newtonian fluid? 


Solution: (a) Neglect gravity and pressure gradient. If u = u(y) and v = 0 at both walls, 
then continuity specifies that v = 0 everywhere. Start with the x-momentum equation: 


Op Of, May 
bg Ba 


Many terms drop out because v = 0 and zxx and A/c = 0 (because u does not vary with x). 


Thus we only have 
ÔT y . 
= z2 a( de) =0, or: A cerstant u=Cyyt+C, 
ey dy| 2\dy dy 
The boundary conditions are no-slip at both walls: 


V 
u(y =—h) =0=Cl(-h) + C2; uly =+h)= V= C1(+h)+ C2, solve G= C, = 








1 
2 
The final solution for the velocity profile is: 
Vv Vv 
u(y)=—yt+— Ans. (a 
N= arts (a) 


This is exactly the same as Eq. (4.140) for the newtonian fluid! Ans. (b) 
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P4.92 A tank of area Ao is draining in laminar flow through a pipe of diameter D and 
length L, as shown in Fig. P4.92. Neglecting the exit-jet kinetic energy and assuming the 
pipe flow is driven by the hydrostatic pressure at its entrance, derive a formula for the 
tank level A(t) if its initial level is ho. 





— 
vy 


Fig. P4.92 


Solution: For laminar flow, the flow rate out is given by Eq. (4.147). A control volume 
mass balance shows that this flow out is balanced by a tank level decrease: 

zD’ Ap dh 
=—— =-A, — where Ap ~ pgh(t 
Qoi 1284 L o dt p PE ( ) 


Thus we can separate the variables and integrate to find the tank level change: 
h t 4 4 
a = -f AD E y or: h=h,exp sf AOE Ans. 
h  128uLA, 128uLA, 


lo 





P4.93 A number of straight 25-cm-long microtubes, of diameter d, are bundled together 
into a “honeycomb” whose total cross-sectional area is 0.0006 m°. The pressure drop 
from entrance to exit is 1.5 kPa. It is desired that the total volume flow rate be 1 m3/h of 
water at 20°C. (a) What is the appropriate microtube diameter? (b) How many 
microtubes are in the bundle? (c) What is the Reynolds number of each microtube? 
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Solution: For water at 20°C, p = 998 kg/m? and u = 0.001 kg/m-s. Each microtube of 


diameter D sees the same pressure drop. If there are N tubes, 


1 m zD Ap ` 


=1.47E5N D’ 





Q = NQ be =N 


At the same time, N = Ap nate/A 


T3600 s 128uL  128(0.001kg/m-s)(0.25m) 


Combine to find D*=2.47E-6 m2 or D=0.00157m and N=310 Ans.(a,b) 


With D known, compute V = Q/Abundle = Qtube/Atube = 0.462 m/s and 


ReD = pVD/ = (998)(0.462)(0.00157)/(0.001) = 724 (laminar) Ans. (c) 





P4.94 A long solid cylinder rotates steadily 


in a very viscous fluid, as in Fig. P4.94. 


Assuming laminar flow, solve the Navier-Stokes 


equation in polar coordinates to determine the 


resulting velocity distribution. The fluid is at rest 


far from the cylinder. [HINT: the cylinder does 


not induce any radial motion.] 


h P; 


Fig. P4.94 


Solution: We already have the useful hint that v, = 0. Continuity then tells us that 


(1/r)0ve/0 @ = 0, hence vo does not vary with @ Navier-Stokes then yields the flow. From Eq. 


D.6, the tangential momentum relation, with Op/O@= 0 and vo = f(r), we obtain Eq. (4.139): 
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d 
ld) Mo - “8 Solution: v9 = Cr+ 2 
rd dr r? $ 
As r>œ, vg 30, hence C, = 0 
C QR? 





At r=R, vọ=0R= -> ; Cy =QR? ; Finally, vp = Ans. 


Rotating a cylinder in a large expanse of fluid sets up (eventually) a potential vortex flow. 





*P4.95 Two immiscible liquids of 





V 
equal thickness h are being sheared h y Po 4b 
between a fixed and a moving plate, 
h Pi, fA 
as in Fig. P4.95. Gravity is neglected, x 
Fixed 





and there is no variation with x. 


Fig. P4.95 


Find an expression for (a) the velocity at the 


interface; and (b) the shear stress in each fluid. Assume steady laminar flow. 


Solution: Treat this as a Ch. 4 problem (not Ch. 1), use continuity and Navier-Stokes: 





Continuity : Ou + o =0+ a = 0; thus v =const = 0 for no -slip at the walls 
ôx oy oy 
This tells us that there is no velocity v, hence we need only consider u(y) in Navier-Stokes: 
Ou Ou Op 3u 8u d’u 
u tv = H + or: 0+0=0+4 0+ 
P12¢ ax ay? ax Maa ay? ) Mya ( ay ) 


Thus u =a +by 


Chapter 4 « Differential Relations for a Fluid Particle 369 


The velocity profiles are linear in y but have a different slope in each layer. Let uj be the 
velocity at the interface. (a) The shear stress is the same in each layer: 
uy V-uy, 


T= Mier, = bo j Solve for u; = 7 =; V Ans.(a) 
1 + H2 








(b) In terms of the upper plate velocity, V, the shear stress is 


44 42 pe 


na Ans.(b) 
1 2 





P4.96 Reconsider Prob. P1.44 and calculate (a) the inner shear stress and (b) the power 
required, if the exact laminar-flow formula, Eq. (4.140) is used. (c) Determine whether this 
flow pattern is stable. [HINT: The shear stress in (r, @) coordinates is not like plane flow.] 


Solution: The exact laminar-flow velocity is Eq. (4.140), and the shear stress is Eq. (D.9): 


(r,/r)-(r/r,) 
(1, /74)-G/r) 


vg = QT 





dvo 
T = 
r0 u( dr 


Recall the data from Prob. P1.44: ri = 5 cm, ro = 6 cm, L = 120 cm, z= 0.86 kg/m-s (SAE 
50W oil), and Qi = 900 rev/min = 94.25 rad/s. At the inner cylinder, 





Q; 2 .25(0. ; 
Tinner 7 HL i ] "o = (0.86). ot 250 05) ] 2(0 06) = §31 Pa Ans.(a) 
(r,/7)-G;/r,) r 0.06/0.05 - 0.05/ 0.06 (0.05)? 


The moment and power required are 


M = ņ;27r} L = (531)27(0.05)° (1.20) = 10.0 N-m 
Power = Q; M = (94.25 rad/s)10.0N—m) = 943 watts Ans.(b) 
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The shear stress, moment, and power are all 31% larger than the approximate linear- 
profile analysis of Prob. 1.44. 
(c) The stability of this flow is determined by Taylor’s criterion, Eq. (4.141): 


n(n, —%)° Q7 — (0.05)(0.06 — 0.05)° (94.25)? 


Ta = 7 E 
(ul p) (0.86/902) 





= 490 < 1700 STABLE Ans.(c) 


To finish this, we had to look up the density of SAE 50W oil, p = 902 kg/m’. 





P4.97 For the pressure-gradient flow between two parallel plates of Fig. 4.12(b), reanalyze 
for the case of slip flow at both walls. Use the simple slip condition Owain = f (du/dy) wat, 


where /is the mean free path of the fluid. (a) Sketch the expected velocity profile. (b) Find 


an expression for the shear stress at each wall. (c) Find the volume flow between the plates. 


Solution: The velocity profile will be similar to Fig. 4.12b except for wall slip. Ans.(a) 


y=th 








Fig, P4.97 











The no-slip analysis of Eq. (4.133) is correct up to the point of integration: 


Q. 


Ip 


2 
y 

——+CytC 
7) 1y 2 


mle 


The boundary conditions, however, give rise to new constants: 





1 dp h? 
At y=+h: u= uyal = k tCh+ C 
udx 2 
2 
At y=-h: u= ĉu zA W Ch+ © 





wall u dx 2 
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Subtract these two and we find that C; = 0, which is a symmetry condition. The slip 
velocity is 
1 dp h° 
h=- +o, 
u dx pdx 2 


whence C, = 5 Pyar +210 
L x 


du 1 dp 


ou = (—\|l, = 
dy ” 





wall 


Finally, the velocity profile with wall slip is given by 


IP + 2hl — y’) Ans.(b) 
2u dx 
This is the shape that the writer attempted to sketch above in Ans.(a). 


(c) The volume flow between the plates, per unit width into the paper, is 





+h 3 
1- dp 2 2 2h dp 24 
= |udA = he +2he dy = 14 Ans. 
Q fu ey M y)dy TA ae > ns.(c) 


The added flow due to slip is proportional to twice the Knudsen number, 2Kn = 2 ¢ /h. 





P4.98 For the pressure-gradient flow in a circular tube, in Sect. 4.10, reanalyze for the 
case of slip flow at the wall. Use the simple slip condition dvz, wan = [ (dv/dr) wan, Where (is the 


mean free path of the fluid. (a) Sketch the expected velocity profile. (b) Find an expression for 
the shear stress at the wall. (c) Find the volume flow through the tube. 


Solution: (a) The velocity profile has equal slip du all around, as shown: 
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r=R 
n vr) 
A Oploz < 0 
v6 
Fig, P4.98 




















(b) The analysis of the velocity is correct up to the first result after Eq. (4.136) of the text: 


2 
v = P One 
i dz 4u 


Once again, C; = 0 to avoid a logarithmic singularity at the centerline. The constant C3 is 
found from the slip boundary condition: 





2 
dv, 
NR py ne eg ie FS. 
dz 4u dr dz 2u 


whence C, = a (R? + UR) 
u z 


The velocity profile thus is given by the slip-flow formula 


v= 


1 PyR + UR- r°) Ans.(b) 
4u dz 
The volume flow, with slip, is given by 


Rt 
AR gs 
8u 





Plo dp o 2 dp. 4! 
oa |e Nt pE + 20R — r*)]2ardr = atte Ans.(c) 


The slip-flow correction factor is 4 times the Knudsen number, 4Kn = 4 4 /R. 
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FUNDAMENTALS OF ENGINEERING EXAM PROBLEMS: Answers 


Chapter 4 is not a favorite of the people who prepare the FE Exam. Probably not a single 
problem from this chapter will appear on the exam, but if some did, they might be like these: 


FE4.1 Given the steady, incompressible velocity distribution V = 3xi + Cyj + Ok, 
where C is a constant, if conservation of mass is satisfied, the value of C should be 
(a)3 (b) 3/2 (c)0 (d)-3/2 (e)-3 


FE4.2 Given the steady velocity distribution V = 3xi + Oj + Cyk, where C is a constant, 
if the flow is irrotational, the value of C should be 
(a)3 (b) 3/2 (c)O (d)-3/2 (e)-3 


FE4.3 Given the steady, incompressible velocity distribution V = 3xi + Cyj + Ok, 


where C is a constant, the shear stress 7xx at the point (x, y, z) is given by 
(a)3u (b)Bx+Cyu ©0 @Cw ©)B+Oyu 


FE4.4 — Given the steady incompressible velocity distribution u = Ax, v = By, and w= 
Cxy, where (A, B, C) are constants. This flow satisfies the equation of continuity if A 
equals 


a) B, (bF) B+C, ()B-C, @ -B , (©) -(B+O 


FE4.5 For the velocity field in Prob. FE4.4, the convective acceleration in the x 
direction is 


(a) Ax , (b) Ax, () By, @ By , (e) Cxy 


FE4.6 If, for laminar flow in a smooth straight tube, the tube diameter and length both 
double, while everything else remains the same, the volume flow rate will increase by a 
factor of 


(a) 2, b)4, ©8, (d 12, (e) 16 
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COMPREHENSIVE PROBLEMS 


C4.1 In a certain medical application, water at room temperature and pressure flows 
through a rectangular channel of length L = 10 cm, width s = 1 cm, and gap thickness 
b =0.3 mm. The volume flow is sinusoidal, with amplitude Qo = 0.5 ml/s and frequency 
f= 20 Hz, that is, Q = Qosin(27f t). 

(a) Calculate the maximum Reynolds number Re = Vb/v, based on maximum average 
velocity and gap thickness. Channel flow remains laminar for Re < 2000, otherwise it 
will be turbulent. Is this flow laminar or turbulent? 

(b) Assume quasi-steady flow, that is, solve as if the flow were steady at any given Q(t). 
Find an expression for streamwise velocity u as a function of y, 4, dp/dx, and b, where 
dp/dx is the pressure gradient required to drive the flow through the channel at flow rate Q. 
Also estimate the maximum magnitude of velocity component u. 

(c) Find an analytic expression for flow rate Q(t) as a function of dp/dx. 

(d) Estimate the wall shear stress rw as a function of Q, f, 4, b, s, and time t. 

(e) Finally, use the given numbers to estimate the wall shear amplitude, zwo, in Pa. 


Solution: (a) Maximum flow rate is the 
amplitude, Qo = 0.5 ml/s, hence average 
velocity V = Q/A: 

Q _ 05E m’/s 

bs (0.0003 m)(0.01 m) 


_ Vb _ (0.167)(0.0003) 
mx vy (0.001/998) 
= 50 (laminar) Ans. (a) 


V= =0.167 m/s 


Re 





(b, c) The quasi-steady analysis is just like Eqs. (4.142—144) of the text, with “h” = b/2: 


aet), Si 


3 
1e -sb dp 
2u dx\ 4 


~ 12u dx 





-1 2 2 
4 Q max ree UnaxDS Ans. (b, c) 


2u dx 4’ 3 


du 
dy 





_bdp_ 6uQ _ 6u, 


d) Wall shear: PiS = = 
( ) S. Twall u 2 dx sb? sb? 


sin(2af t) Ans. (d) 








wall 
(e) For our given numerical values, the amplitude of wall shear stress is: 


z — uQ, _ 60.00D0.5E-6) _ 
wo sb? (0.01)(0.0003)? 





3.3 Pa Ans. (e) 
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C4.2_ A belt moves upward at velocity V, 
dragging a film of viscous liquid of 
thickness h, as in Fig. C4.2. Near the belt, 
the film moves upward due to no-slip. At 
its outer edge, the film moves downward 
due to gravity. Assuming that the only non- 
zero velocity is v(x), with zero shear stress V 
at the outer film edge, derive a formula for 
(a) v(x); (b) the average velocity Vavg in 
the film; and (c) the wall velocity Vc for 
which there is no net flow either up or 
down. 

(d) Sketch v(x) for case (c). 


Solution: (a) The assumption of parallel 
flow, u = w = 0 and v = v(x), satisfies conti- BELT 

nuity and makes the x- and z-momentum Fig. C4.2 
equations irrelevant. We are left with the 
y-momentum equation: 


[ween ae o (v Ay v 
ge Be a la ae ae) 


There is no convective acceleration, and the pressure gradient is negligible due to the free 
surface. We are left with a second-order linear differential equation for v(x): 








2 2 
ae -28 Integrate: z = PB yy C, Integrate again: v= a +O,x+C, 


d? u x u 4 


At the free surface, x = h, T= u(dv/dx) = 0, hence C1 = —pgh/u. At the wall, v = V = C2. 
The solution is 


v= y—Peh 4 PE 2 Ans. (a) 
u 2u 


(b) The average velocity is found by integrating the distribution v(x) across the film: 


h 2 37 2 
v A v(x) dx = l Vx pghx t psx =V- pgh Ans. (b) 
h 3u 








avg h : Qu 6u k 


(c) Since hvavg = Q per unit depth into the paper, there is no net up-or-down flow when 


V = pgh i(3 u) Ans. (c) 
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(d) A graph of case (c) is shown below. Ans. (d) 




















Chapter 5 - Dimensional Analysis 
and Similarity 


5.1 For axial flow through a circular tube, the Reynolds number for transition to turbulence is 
approximately 2300 [see Eq. (6.2)], based upon the diameter and average velocity. If d = 5 cm and 
the fluid is kerosene at 20°C, find the volume flow rate in m°/h which causes transition. 


Solution: For kerosene at 20°C, take p = 804 kg/m? and u = 0.00192 kg/m-s. The only 
unknown in the transition Reynolds number is the fluid velocity: 


Re,, ~ 2300 = Pya (80H V009); solve for V, =0.11 m/s 
4 0.00192 


3 3 
Then Q=VA=(0.1 170.05% =2.16E-4 x 3600 = 0.78 T Ans. 
S r 








P5.2 A prototype automobile is designed for cold weather in Denver, CO (-10°C, 83 kPa). Its 
drag force is to be tested in on a one-seventh-scale model in a wind tunnel at 150 mi/h and at 
20°C and 1 atm. If model and prototype satisfy dynamic similarity, what prototype velocity, in 


mi/h, is matched? Comment on your result. 


Solution: First assemble the necessary air density and viscosity data: 





saxon i _ p _ 83000 _ kg | E kg 
Denver: T = 263K ; Pp RT 287(263) s ea > Hp 1.75 E a 
p _ 101350 


Wind tunnel: T = 293K ; p,,= 





k k 
= 1.205 ŽE ; ys, = 1.80E-5—* 
RT 287(293) m m-s 


Convert 150 mi/h = 67.1 m/s. For dynamic similarity, equate the Reynolds numbers: 
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_ 1.205)(67.1)(L,,) 





VL, _ IOW, OLn) Re PVE 


Re e | 
pou P 1.75E-5 R 1.80E -5 
Solve for V rotonpe = 10.2m/s = 22.8 mish Ans. 


This is too slow, hardly fast enough to turn into a driveway. Since the tunnel can go no faster, 
the model drag must be corrected for Reynolds number effects. Note that we did not need to 


know the actual length of the prototype auto, only that it is 7 times larger than the model length. 





P5.3 The transfer of energy by viscous dissipation is dependent upon viscosity 4, 
thermal conductivity k, stream velocity U, and stream temperature T,. Group these 
quantities, if possible, into the dimensionless Brinkman number, which is proportional to x. 


Solution: Here we have only a single dimensionless group. List the dimensions, from 
Table 5.1: 


u k U T, 


o 


{ML'T7} {MLT?0"!} {LT"} {0} 


Four dimensions, four variables (MLTO) — perfect for making a pi group. Put xin the 
numerator: 


Brinkman number = k“ U? Tf u! yields Br = wU? /(kT,) Ans. 
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5.4 When tested in water at 20°C flowing at 2 m/s, an 8-cm-diameter sphere has a measured drag 
of 5 N. What will be the velocity and drag force on a 1.5-m-diameter weather balloon moored in 
sea-level standard air under dynamically similar conditions? 


Solution: For water at 20°C take p ~ 998 kg/m? and u ~ 0.001 kg/m-s. For sea-level standard 
air take p ~ 1.2255 kg/m? and u ~ 1.78E-5 kg/m-s. The balloon velocity follows from dynamic 
similarity, which requires identical Reynolds numbers: 


_ PVD) —_ 998(2.0)(0.08) _| gs pe = 1:2255Vbatton 1-5) 


Re 
model u model 0.001 prore 1.78E-5 





or Vballoon ~ 1.55 m/s. Ans. Then the two spheres will have identical drag coefficients: 


F 5N 0 Fyattoon 


=0.196=C 
pVv’D?  998(2.0} (0.08) Dpr 1 2255(1.55)?(1.5} 
Solve for F paroon S13 N Ans. 


Cp model = 





5.5 An automobile has a characteristic length and area of 8 ft and 60 fe, respectively. When 
tested in sea-level standard air, it has the following measured drag force versus speed: 


V, mi/h: 20 40 60 
Drag, lbf: 31 115 249 


The same car travels in Colorado at 65 mi/h at an altitude of 3500 m. Using dimensional analysis, 
estimate (a) its drag force and (b) the horsepower required to overcome air drag. 


Solution: For sea-level air in BG units, take p ~ 0.00238 slug/ft? and u ~ 3.72E-7 slug/fts. 
Convert the raw drag and velocity data into dimensionless form: 


V (mi/hr): 20 40 60 
CD=F(pV7L”): 0.237 0.220 0.211 
ReL=øVL/  1.50E6 3.00E6 4.50E6 


Drag coefficient plots versus Reynolds number in a very smooth fashion and is well fit (to +1%) 
by the Power-law formula CD ~ 1.07ReL 2106 
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(a) The new velocity is V = 65 mi/hr = a 3 ft/s, and for air at 3500-m Standard Altitude 
(Table A-6) take p = 0.001675 slug/ft? and “= 3.50E~7 slug/ft-s. Then compute the new Reynolds 
number and use our Power-law above to estimate drag coefficient: 


VL _ (0.001675)(95.3)(8.0) 


=3.65E6, hence 
3.50E-7 


RE Colorado = 


Cy x — 18" _ = 0.2157, ». F=0.2157(0.001675)(95.3)7(8.0)? =210 Ibf Ans. (a) 


B.65E6)1 
(b) The horsepower required to overcome drag is 


Power = FV =(210)(95.3) = 20030 ft-lbf/s + 550 = 36.4 hp Ans. (b) 





P5.6 The full-scale parachute in the chapter-opener photo had a drag force of 
approximatly 950 lbf when tested at a velocity of 12 mi/h in air at 20°C and 1 atm. Earlier, 
a model parachute of diameter 1.7 m was tested in the same tunnel. (a) For dynamic 
similarity, what should be the air velocity for the model? (b) What is the expected drag 
force of the model? (c) Is there anything surprising about your result to part (b)? 


Solution: Convert the data to metric: 950 Ibf = 4226 N, 12 mi/h = 5.36 m/s, and D, = 55 ft 
= 16.8 m. (a) From Table A.2 for air at 20C, p = 1.20 kg/m? and w= 1.8E-5 kg/m-s. (a) 
For similarity, equate the Reynolds numbers: 


V,D 
Pr¥pPp _ 120530068) _ 6 456 — po, = Pan¥nPm _ (1:20)V )A-7) 


Re, = 
s lp 1.8E -5 Lin 1.8E-5 





Solve for V,, = 52,9” = 118 Ans.(a) 
s 


(b) For similarity, the force coefficients will be equal: 


F F, F, 
gis ee 4226N Soene Ti 5 


P pP VD? — (1.20)(5.36)" (16.8) PmVinDm — (1.20)(52.9) (1.7)? 
Solve for F, = 4226N = 950 lbf Ans.(b) 


m 
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(c) It might be surprising that the drag forces are exactly the same for model and 
prototype! This is because, if p and u are the same, the product VD is the same for both 
and the force is proportional to (VDY. 





5.7 A body is dropped on the moon (g = 1.62 m/s?) with an initial velocity of 12 m/s. 
By using option-2 variables, Eq. (5.11), the ground impact occurs at t** =0.34 and 
S** = 0.84. Estimate (a) the initial displacement, (b) the final displacement, and 

(c) the time of impact. 


Solution: (a) The initial displacement follows from the “option 2” formula, Eq. (5.12): 


Legh pas (625 
2 2) 





S** = gS,/VŽ +t**4 240.344 7034? 


Solve for S, =~=39m Ans. (a) 
(b, c) The final time and displacement follow from the given dimensionless results: 
S** = gS/V? =0.84 =(1.62)S(12}, solve for Spa 75m Ans. (b) 
t** = gt/V, =0.34 =(1.62%⁄12), solve for t; =2.52s Ans. (c) 


impact 





5.8 The Morton number Mo, used to correlate bubble-dynamics studies, is a dimensionless 
combination of acceleration of gravity g, viscosity 4, density p, and surface tension coefficient 
Y. If Mo is proportional to g, find its form. 


Solution: The relevant dimensions are {g} = {LT}, {uy} = (ML! Ty, {pt} = {ML}, and 
{Y} = {MT? }. To have g in the numerator, we need the combination: 


a b c 
Mo} = ie UNo Y] = [Hz 2) (= -MELT 


4 
Solve for a=4, b=-1, c=-3, or: Mo= AA Ans. 
pY 
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P5.9 The Richardson number, Ri, which correlates the production of turbulence by buoyancy, 


is a dimensionless combination of the acceleration of gravity g, the fluid temperature To, the 
local temperature gradient OT/0z, and the local velocity gradient Ou/dz. Determine the form of 
the Richardson number if it is proportional to g. 


Solution: In the {MLTO} system, these variables have the dimensions {g} = {L/T*}, {To} = 
{©}, {OT/dz} = {O/L}, and {éu/dz} = {T'}. The ratio g/(Gu/dz) will cancel time, leaving {L} 
in the numerator, and the ratio {OT/0z}/T, will cancel {@}, leaving {L} in the denominator. 
Multiply them together and we have the standard form of the dimensionless Richardson number: 


oT 
g(—_) 
Ri = — Ans. 
r (%2 
o 





5.10 Determine the dimension {MLTO} of the following quantities: 


ou or ou 
(a) pu oj (P-po)dd Oroza OW o groe 
All quantities have their standard meanings; for example, pis density, etc. 


Solution: Note that {ĝu/2x} = {U/L}, {| pdA}={pA}, etc. The results are: 


M ML ML 
(a) {aah (b) {Me} of oar} (d) | Ans. 








P5.11 During World War II, Sir Geoffrey Taylor, a British fluid dynamicist, used dimensional 


analysis to estimate the wave speed of an atomic bomb explosion. He assumed that the blast 
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wave radius R was a function of energy released E, air density p, and time t. Use dimensional 


analysis to show how wave radius must vary with time. 


Solution: The proposed function is R = f(E, p, t). There are four variables (n = 4) and three 


primary dimensions (MLT, or j = 3), thus we expect n-j = 4-3 = 1 pi group. List the 


{R} ={L} ; {E}={ML?/T7} ; {o} = {ML} ; ft} ={T} 
dimensions: 


Assume arbitrary exponents and make the group dimensionless: 


R! E" p? tE = (L)! (ML? /T?)4 (M/L3)? (T)° =< M? 1° T? , 





whence a+b=0 ; 1+2a-3b=0 ; —-2a+c=0; Solve a=-2;b=+; c=- 


The single pi group is 
R o5 
Il, = R = constant, thus Rpave ®© p Ans. 





5.12 The Stokes number, St, used in particle-dynamics studies, is a dimensionless combination of 
five variables: acceleration of gravity g, viscosity 4, density p, particle velocity U, and particle 
diameter D. (a) If St is proportional to x and inversely proportional to g, find its form. (b) Show that 
St is actually the quotient of two more traditional dimensionless groups. 


Solution: (a) The relevant dimensions are {g} = {LT}, {uy = (ML! Thy, {p} = {ML?}, {U} = 
LTH, and {D} = {L}. To have u in the numerator and g in the denominator, we need the 
combination: 


2 
ISA = u gT UP (DY = (AEH iz} ye = MPT 
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4U 
p8D 
U’ KeD) _ Froude number 

pUDlu Reynolds number 





Solve for a=-l, b=1, c=-2, or: St= Ans. (a) 


2 


This has the ratio form: St = Ans. (b) 





5.13 The speed of propagation C of a capillary (very small) wave in deep water is known to be a 
function only of density p, wavelength 4, and surface tension Y. Find the proper functional 
relationship, completing it with a dimensionless constant. For a given density and wavelength, how 
does the propagation speed change if the surface tension is doubled? 


Solution: The “function” of p, 2, and Y must have velocity units. Thus 


= -N a 7} byyc y L = M A b M E 
{Ch = {f(p,4,Y)}, or C=const p"A’Y", or: 5 is {L} [5 


Solve for a=b = -1/2 and c = +1/⁄2, or: C= const > Ans. 
\ P. 


Thus, for constant p and å, if Y is doubled, C increases as J2. or +41%. Ans. 





P5.14 In forced convection, the heat transfer coefficient h is a function of thermal 
conductivity k, density p, viscosity x, specific heat cp, body length L, and velocity V. 
Heat transfer coefficient has units of W/(m’-K) and dimensions { MTO" }. Rewrite this 
relation in dimensionless form, using (k, p, Cp, L) as repeating variables. 


Solution: From Table 5.1, plus the given definition of h, list the dimensions: 


h k p u Cp L V 
{MTO} {MLTŻO!} {ML°} {MLC'!T!} {ĽPT?O0]!} {L} {LT} 


Four dimensions, 3 pi groups expected. 
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Add one variable successively to our repeating variables (k, p, Cp, L): 








Th = k* pic, Lt ht yields Th = H 
M, = k* p" a Cy yields Tl, = Er 
I = k'o èp ry yields Il, = pete V 
The final desired dimensionless function is 
T = — fen( pi > pee is Ans. 


In words, the Nusselt number is a function of Prandtl number and Peclet number. 





5.15 The wall shear stress tw in a boundary layer is assumed to be a function of stream velocity 
U, boundary layer thickness 6, local turbulence velocity u', density p, and local pressure gradient 
dp/dx. Using (p, U, 6) as repeating variables, rewrite this relationship as a dimensionless function. 
Soluson: The relevant dimensions are {tw W= {MLIT}, {U} = {LT H, {o} = {L}, {u'} = 
{LT h {o} = {ML 3) and {dp/dx} = {ML “T™ 2, With n = 6 andj = 3, we expectn —j=k=3 
pi groups: 


m= ptr, =| |Z r {L}° = at. M°LT®, solve a=-l, b=-2, c=0 
TH, =p'U’su' -{ah zp {L}° 5 =M°DT®, solve a=0, b=-1, c=0 


ni, = pute B =| [z P {L} E spoMen'r", solve a=—l, b=-2, c=1 


The final dimensionless function then is given by: 





(u' dp 6 \ 


I = fen, 1, ), or: = fen lv dx pU? 


Ans. 
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5.16 Convection heat-transfer data are often reported as a heat-transfer coefficient h, defined by 


O=hAAT 


where Q = heat flow, J/s 
A = surface area, m 
AT = temperature difference, K 


The dimensionless form of h, called the Stanton number, is a combination of h, fluid density p, 
specific heat cp, and flow velocity V. Derive the Stanton number if it is proportional to h. What 
are the units of h? 


2 
Solution: If {Q}={hAAT}, then my 








M 
|- KHO, or {h}= { or | 


b g-e d 
M M L L 
Then {Stanton No.}= {h' o”c V° -| Hat — {=} =M LTO’ 
en {Stanton No.} = {h pc, V} or E rol lT 


Solve for b=-1, c=-1, andd=-l. 





Ans. 





Thus, finally, Stanton Number = ho'e, "V"! = 
pvc, 





P5.17 If you disturb a tank of length L and water depth h, the surface will 
oscillate back and forth at frequency Q, assumed here to depend also upon water density p 
and the acceleration of gravity g. (a) Rewrite this as a dimensionless function. (b) If a 
tank of water sloshes at 2.0 Hz on earth, how fast would it oscillate on Mars (g ~ 3.7 
m/s’)? 


Solution: Write out the dimensions of the five variables. We hardly even need Table 5.1: 


Q h L p g 
{T'} {L} {L} {ML*} {Er} 


(a) There are five variables and three dimensions {MLT}, hence we expect two pi groups. 


The writer thinks Q should be correlated versus h, so he chooses (L, p, g) as repeating 
variables: 
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m = Pog o yields mM =Q E 
g 
M = Pog h yields 1, = £ 
Thus ofk = fen( hy Ans.(a) 
g L 


Note that density drops out, being the only variable containing mass {M}. If the tank 
sloshes on earth at 2.0 Hz, that sets the value of I1;, which we use on Mars to get Oars at 
the same h/L. 


L -1 L -1/2 L L 
Q ‘| = (2.05) | =0.639m"? JL = Quar |-——— = Quas |.—— 
a 8 earth 9.81m/s ree 8 Mars we 3.7m/s2 


Solve for Quays ~ 1.23 Hz Ans.(b) 





5.18 Under laminar conditions, the volume flow Q through a small triangular-section pore of side 
length b and length L is a function of viscosity x, pressure drop per unit length Ap/L, and b. Using 
the pi theorem, rewrite this relation in dimensionless form. How does the volume flow change if the 
pore size b is doubled? 


Solution: Establish the variables and their dimensions: 
Q =fcn(Ap/L , u , b) 
{L/T}  {M/L?T}} {MILT} {L} 
Then n = 4 and j = 3, hence we expect n — j = 4 — 3 = 1 Pi group, found as follows: 


T, =(APD U)’ WQ" = {MET F {MLT L/T} =M PT? 
M:a+b=0; L:-2a—b+c+3=0; 7:-2a—b-—1=0, 





solve a=—-l,b=+l,c=—-4 


Qu 


= (Ap/L)b* =constant Ans. 
P 


IL 
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Clearly, if b is doubled, the flow rate Q increases by a factor of 2f= 16. Ans. 





5.19 The period of oscillation T of a water surface wave is assumed to be a function of density p, 
wavelength 4, depth h, gravity g, and surface tension Y. Rewrite this relationship in dimensionless 
form. What results if Y is negligible? 


Solution: Establish the variables and their dimensions: 


T =f p ,å,h, g, Y ) 
{T} {M/L} {L} {L} {L/T?} (M/T?} 


Then n = 6 and j = 3, hence we expect n —j = 6 — 3 = 3 Pi groups, capable of various arrangements 
and selected by the writer as follows: 


Typical final result: T(g/A)' = fen eee Ans. 
A pga 


If Y is negligible, p drops out also, leaving: T(g/A)'” = ren( 2) Ans. 





P5.20 A fixed cylinder of diameter D and length L, immersed in a stream flowing 
normal to its axis at velocity U, will experience zero average lift. However, if the cylinder 
is rotating at angular velocity Q, a lift force F will arise. The fluid density p is important, 
but viscosity is secondary and can be neglected. Formulate this lift behavior as a 
dimensionless function. 


Solution: No suggestion was given for the repeating variables, but for this type of 
problem (force coefficient, lift coefficient), we normally choose (p, U, D) for the task. 
List the dimensions: 

D L U Q F pP 

{L} (L) {LT} (T?) (MLT?) (ML?) 
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There are three dimensions (MLT), which we knew when we chose (p, U, D). Combining 
these three, separately, with F, Q, and L, we find this dimensionless function: 
L 


= fen( s2 : D? Ans. 


ae 
pu 2 p? 
This is a correct solution for Chapter 5, but in Chapter 8 we will use the “official” 


function, with extra factors of (1/2): 


F 
(1/2) pU?LD 


QOD L 
Intg e p 








5.21 In Example 5.1 we used the pi theorem to develop Eq. (5.2) from Eq. (5.1). Instead of 
merely listing the primary dimensions of each variable, some workers list the powers of each 
primary dimension for each variable in an array: 


M| 1 0 0 
L| 1 1 1 


This array of exponents is called the dimensional matrix for the given function. Show that the rank 
of this matrix (the size of the largest nonzero determinant) is equal to j = n — k, the desired reduction 
between original variables and the pi groups. This is a general property of dimensional matrices, as 
noted by Buckingham [1]. 


Solution: The rank ofa matrix is the size of the largest submatrix within which has a non-zero 
determinant. This means that the constants in that submatrix, when considered as coefficients of 
algebraic equations, are linearly independent. Thus we establish the number of independent 
parameters—adding one more forms a dimensionless group. For the example shown, the rank is 
three (note the very first 3 x 3 determinant on the left has a non-zero determinant). Thus “j” = 3 
for the drag force system of variables. 
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5.22 The angular velocity Q of a windmill is a function of windmill diameter D, wind velocity V, 
air density p, windmill height H as compared to atmospheric boundary layer height L, and the 
number of blades N: that is, Q = fcn(D, V, p, HIL, N). Viscosity effects are negligible. Rewrite this 
function in terms of dimensionless Pi groups. 


Q = fen(D, V, p, H/L, N) 


Solution: We have n = 6 variables, j = 3 dimensions (M, L, T), thus expect n —j = 3 Pi groups. 
Since only p has mass dimensions, it drops out. After some thought, we realize that H/L and N 
are already dimensionless! The desired dimensionless function becomes: 

QD 


H 
— = fcn| —,N| Ans. 
Vv a c ) 





5.23 The period T of vibration of a beam is a function of its length L, area moment of inertia J, 
modulus of elasticity E, density p, and Poisson’s ratio o. Rewrite this relation in dimensionless 
form. What further reduction can we make if E and J can occur only in the product form E/? 


Solution: Establish the variables and their dimensions: 


T=fn(L, I, E , p,o ) 
{T} {L} {Lf} (M/LT2} {M/L7} {none} 


Then n = 6 and j = 3, hence we expect n —j = 6 —3 = 3 Pi groups, capable of various arrangements 
and selected by myself as follows: [Note that o must be a Pi group.] 


4 
Typical final result: LJE =fcn aes o| Ans. 
LVp I 


If E and I can only appear together as EI, then a EI =fen(o) Ans. 
\ P 





5.24 The lift force F on a missile is a function of its length L, velocity V, diameter D, angle of 
attack a, density p, viscosity yz, and speed of sound a of the air. Write out the dimensional matrix of 
this function and determine its rank. (See Prob. 5.21 for an explanation of this concept.) Rewrite the 
function in terms of pi groups. 
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Solution: Establish the variables and their dimensions: 


F =fen( L, V ,D, «a, Pp, uU , a ) 
{ML/T?} {L} {L/T} {L} {1} (M/L3} {MILT} {L/T} 


Then n = 8 and j = 3, hence we expect n — j = 8 — 3=5 Pi groups. The matrix is 


F L D a p u 
M: 1 0 0 0 0 1 1 0 
L: 1 1 1 1 0 -33 -1 1 
T: 2 0 -1 0 0 0 -1 -1 








P5.25 The thrust F of a propeller is generally thought to be a function of its diameter D and 
angular velocity Q, the forward speed V, and the density p and viscosity u of the fluid. Rewrite 


this relationship as a dimensionless function. 


Solution: Write out the function with the various dimensions underneath: 
F = fy D, Q , V , P wh) 


{ML/T7} {L} {/T} {L/T} {M/D} {MILT} 


There are 6 variables and 3 primary dimensions (MLT), and we quickly see that j = 3, because 


(p, V, D) cannot form a pi group among themselves. Use the pi theorem to find the three pi’s: 
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M = p'V’ DF ; Solve for a=-l,b=-2,c=-2. Thus I], = 7 
PVD 

I, = p°V’D°Q ; SoWe for a=0, b=-1, c=1. Thus TIM, = 22 
Tl; = p°V’D® u ; Solve fora=-l,b=-1,c=-1. Thus m= —“— 
pVD 

Thus one of many forms of the final desired dimensionless function is 
2 = fee ; es Ans. 
PVD V pVD 





5.26 A pendulum has an oscillation period T which is assumed to depend upon its length L, 
bob mass m, angle of swing 0, and the acceleration of gravity. A pendulum 1 m long, with a bob 
mass of 200 g, is tested on earth and found to have a period of 2.04 s when swinging at 20°. (a) 
What is its period when it swings at 45°? A similarly constructed pendulum, with L = 30 cm and 
m = 100 g, is to swing on the moon (g = 1.62 m/s^) at 0 = 20°. (b) What will be its period? 


Solution: First establish the variables and their dimensions so that we can do the numbers: 
T=fen( L,m, g ,0) 
{T} (L} {M} {L/T?} {1} 


Then n = 5 and j = 3, hence we expect n — j = 5 — 3 =2 Pi groups. They are unique: 
re =fcn(@) (mass drops out for dimensional reasons) 


(a) If we change the angle to 45°, this changes I12, hence we lose dynamic similarity and do not 
know the new period. More testing is required. Ans. (a) 
(b) If we swing the pendulum on the moon at the same 20°, we may use similarity: 


1/2 9 81 H 2 V2 1.62 Mm 2 1/2 
T| | =2049| 22-5 | -639-7 -24m5 | , 
L, 1.0 m 0.3 m 





or: T, =2.75s Ans.(b) 
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5.27 In studying sand transport by ocean waves, A. Shields in 1936 postulated that the bottom 
shear stress T required to move particles depends upon gravity g, particle size d and density pp, and 
water density p and viscosity x. Rewrite this in terms of dimensionless groups (which led to the 
Shields Diagram in 1936). 


Solution: There are six variables (7, g, d, pp, p, 4) and three dimensions (M, L, T), hence 
we expect n —j = 6 — 3 = 3 Pi groups. The author used (p, g, d) as repeating variables: 


T z penl pea” Pp \ 


co _ i |) Ans. 
pgd \ 4 P 


The shear parameter used by Shields himself was based on net weight: t/[(pp -p)gd]. 





5.28 A simply supported beam of diameter D, length L, and modulus of elasticity E is subjected to 
a fluid crossflow of velocity V, density p, and viscosity yu. Its center deflection dis assumed to be a 
function of all these variables. (a) Rewrite this proposed function in dimensionless form. (b) Suppose 
it is known that dis independent of z, inversely proportional to E, and dependent only upon pV“, not p 
and V separately. Simplify the dimensionless function accordingly. 

Solution: Establish the variables and their dimensions: 


ó =f, A ,D,L, E , V, yw ) 
{L} (M/L3} {L} {L} {MILT} {L/T} {MILT} 


Then n = 7 and j = 3, hence we expect n — j = 7 — 3 = 4 Pi groups, capable of various arrangements 
and selected by the writer, as follows (a): 
L pVD E 


Well-posed final result: 2 =fen| —, $ z 
L D u pV 





) Ans. (a) 


(b) If is unimportant and 6 proportional to E”, then the Reynolds number (oVD/4) drops out, and 
we have already cleverly combined E with pV“, which we can now slip out and turn upside down: 


2 
If u drops out and db « 2, then a E PV fen E i 
E L E D 








5.29 When fluid in a pipe is accelerated linearly from rest, it begins as laminar flow and then 
undergoes transition to turbulence at a time ftr which depends upon the pipe diameter D, fluid 
acceleration a, density p, and viscosity 4 Arrange this into a dimensionless relation between ftr and D. 
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Solution: Establish the variables and their dimensions: 


tr =fa( p , D, a , u ) 


{T} (M/L?} {L} {L/T}} {M/LT} 


Then n = 5 and j = 3, hence we expect n —j = 5 — 3 = 2 Pi groups, capable of various arrangements 
and selected by the writer, as required, to isolate ttr versus D: 


1⁄3 as 
a? pa 
ty a = fen| D| Ans. 
u 


P5.30 When a large tank of high-pressure ideal gas discharges through a nozzle, the 
maximum exit mass flow m is a function of tank pressure po and temperature To, gas 
constant R, specific heat cp, and nozzle diameter D. Rewrite this as a dimensionless 
function. Check to see if you can use (po, To , R, D) as repeating variables. 








Solution: Using Table 5.1, write out the dimensions of the six variables: 


m Po T, R D Cp 
{MT} {MLT} 10} {PT°o@ |} {L} (PT? @ |} 


By inspection, we see that (po, To , R, D) are indeed good repeating variables. There are 
two pi groups: 








m |RT, 
O, = påT?R cfm yields TI, = = 
Po D 
b d l . Cp 
T, = pot, Roc,c, yields Ty = = 
rn RT, c, 
Thus ae A fcn(—) Ans. 
PoD R 


The group (c,/R) = k/(k-1), where k = c,/c, . We usually write the right hand side as fen(k). 
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5.31 The heat-transfer rate per unit area q to a body from a fluid in natural or gravitational 
convection is a function of the temperature difference AT, gravity g, body length L, and three fluid 
properties: kinematic viscosity v, conductivity k, and thermal expansion coefficient J. Rewrite in 
dimensionless form if it is known that g and 2 appear only as the product g£. 


Solution: Establish the variables and their dimensions: 
q =fen( AT, g ,L, v , R, k ) 
{M/T?} {O} {L/T?} {L} {L2/T} {1/0} {ML/@T>} 


Then n =7 and j = 4, hence we expect n —j = 7 — 4 =3 Pi groups, capable of various arrangements 
and selected by myself, as follows: 


3 
If £ and AT kept separate, then a =fen) GAT, = 
kAT v 


Tf, in fact, 2 and g must appear together, then TI2 and ITI3 above combine and we get 


3 
aL fen BATEE | Ans. 
KAT v? 


Nusselt No. Grashof Number 





5.32 A weir is an obstruction in a channel flow which can be calibrated to measure the flow 
rate, as in Fig. P5.32. The volume flow Q varies with gravity g, weir width b into the paper, and 
upstream water height H above the weir crest. If it is known that Q is proportional to b, use the 
pi theorem to find a unique functional relationship Q(g, b, H). 


ve 





Fig. P5.32 
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Solution: Establish the variables and their dimensions: 
Q =fa( g , b, H) 
{L/T} (L/T?) {L} {L} 


Then n = 4 and j = 2, hence we expect n — j = 4 — 2 = 2 Pi groups, capable of various arrangements 
and selected by myself, as follows: 


z = Constant Ans. 


Q b). À 
Pu = fen H but if Q œ b, then we reduce to pee? 





5.33 A spar buoy (see Prob. 2.113) has a period T of vertical (heave) oscillation which 
depends upon the waterline cross-sectional area A, buoy mass m, and fluid specific weight y. 
How does the period change due to doubling of (a) the mass and (b) the area? Instrument 
buoys should have long periods to avoid wave resonance. Sketch a possible long-period buoy 
design. 





Fig. P5.33 


Solution: Establish the variables and their dimensions: 


T =fen(i A, m, y ) 
{T} (L?} {M} (MLT?) 


Then n = 4 and j = 3, hence we expect n — j = 4 — 3 = 1 single Pi group, as follows: 


[A 
T Ak z dimensionless constant Ans. 
m 
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Since we can’t do anything about y, the specific weight of water, we can increase period T by 
increasing buoy mass m and decreasing waterline area A. See the illustrative long-period buoy in 
Figure P5.33 above. 








5.34 To good approximation, the thermal conductivity k of a gas (see Ref. 21 of Chap. 1) depends 
only on the density p, mean free path Z, gas constant R, and absolute temperature T. For air at 20°C 
and 1 atm, k ~ 0.026 W/m-K and ¢ ~ 6.5E-8 m. Use this information to determine k for hydrogen at 
20°C and 1 atm if 4 = 1.2E-7 m. 
Solution: First establish the variables and their dimensions and then form a pi group: 
k =fo( p , l, R , T) 

{ML/OT? } (M/L3} {L} {L7/T?@} {0} 

Thus n = 5 and j =4, and we expect n — j = 5 — 4 =1 single pi group, and the result is 


ki pR”T K 20) =a dimensionless constant =IT, 
The value of I1 is found from the air data, where p= 1.205 kg/m? and R = 287 m7/s”-K: 


0.026 


= 3.99 =I] 
(1.205)(287)*? (293)'/? (6.5E-8) 





lair = l,hydrogen 


For hydrogen at 20°C and 1 atm, calculate p = 0.0839 kg/m? with R = 4124 m7/s”-K. Then 





Ky drogen 5 W 
II, =3.99= 7 i » solve for Khyarogen =0.182 —— Ans. 
(0.0839)(4124)"* (293) (1.2E-7) mK 


This is slightly larger than the accepted value for hydrogen of k ~ 0.178 W/m-K. 
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5.35 The torque M required to turn the cone-plate viscometer in Fig. P5.35 depends upon the 
radius R, rotation rate Q, fluid viscosity x, and cone angle @ Rewrite this relation in dimensionless 
form. How does the relation simplify if it is known that M is proportional to 6? 





Fig. P5.35 
Solution: Establish the variables and their dimensions: 


M =f R, Q, u ,08) 
{ML?/T?} {L} {1/T} {MILT} {1} 


Then n = 5 and j = 3, hence we expect n —j = 5 — 3 = 2 Pi groups, capable of only one reasonable 
arrangement, as follows: 


M z =fen(0); if Ma8, then z=constant Ans. 
R R 








See Prob. 1.56 of this Manual, for an analytical solution. 





5.36 The rate of heat loss, Qloss through a window is a function of the temperature difference 
AT, the surface area A, and the R resistance value of the window (in units of ft2-hr-°F/Btu): Qloss 
= fen(AT, A, R). (a) Rewrite in dimensionless form. (b) If the temperature difference doubles, how 
does the heat loss change? 


Solution: First figure out the dimensions of R: {R} = T? ©/M}. Then note that n = 4 variables 
and j = 3 dimensions, hence we expect only 4 — 3 = one Pi group, and it is: 


sR 
TI, = Qross 
AAT 


(b) Clearly (to me), Q œ AT: if AT doubles, Qloss also doubles. Ans. (b) 





=Const, or: Qy,., = Const Ans. (a) 





P5.37 The volume flow Q through an orifice plate is a function of pipe diameter D, pressure 
drop Ap across the orifice, fluid density p and viscosity x, and orifice diameter d. Using D, p, 


and Ap as repeating variables, express this relationship in dimensionless form. 
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Solution: There are 6 variables and 3 primary dimensions (MLT), and we already know that 


j= 3, because the problem thoughtfully gave the repeating variables. Use the pi theorem to find the 


three pi’s: 
op”? 

Tl, = D“p’Ap‘Q ; Solve for a=-2, b=1/2,c=-1/2. Thus M= ——~ 
D4 Ap 

Tl, = D“p’Ap‘d ; Solve for a=-1 b=0 c= 0. Thus M = £ 

Il, =D“p? Apu ; Solve for a=-1, b=-1/2, c=-1/2. Thus Th = —4—— 
Dp “Ap 


The final requested orifice-flow function (see Sec. 6.12 later for a different form) is: 


Qp"? od i 
D? Ap”? Fen D’ Dp"? Ap"? Ans. 





5.38 The size d of droplets produced by a liquid spray nozzle is thought to depend upon the 
nozzle diameter D, jet velocity U, and the properties of the liquid p, u, and Y. Rewrite this relation 
in dimensionless form. Hint: Take D, p, and U as repeating variables. 


Solution: Establish the variables and their dimensions: 


d =fn( D, U, p, u , Y ) 
{L} IL} {L/T} {M/L} {MILT} {M/T} 
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Then n = 6 and j = 3, hence we expect n —j = 6 — 3 = 3 Pi groups, capable of various arrangements 
and selected by the writer, as follows: 


2 
Typical final result: A ien PUD. pE D Ans. 
D u Y 





P5.39 Consider natural convection in a rotating, fluid-filled enclosure. The average 
wall shear stress rin the enclosure is assumed to be a function of rotation rate Q, enclosure 
height H, density p, temperature difference AT, viscosity x, and thermal expansion 
coefficient 2. (a) Rewrite this relationship as a dimensionless function. (b) Do you see a 
severe flaw in the analysis? 


Solution: (a) Using Table 5.1, write out the dimensions of the seven variables: 
T P H Q u B AT 


{ML'T*} (M) {0 (T {ML'T'} {07} {O} 


There are four primary dimensions (MLTQ), and we can easily find four variables (p, H, 
Q, f) that do not form a pi group. Therefore we expect 7-4 = 3 dimensionless groups. 
Adding each remaining variable in turn, we find three nice pi groups: 





Tl, = pH?’ pir leadsto M) = — 
pH*Q 

Tl, = p* HOS Bi us leadsto M, = £ 
pPH'Q 

Tl, = p° H’ O° B AT leadsto TM, = BAT 


Thus one very nice arrangement of the desired dimensionless function is 


T 


Ss = fal Ë. PAT) Ans.(a) 
PHQ PHQ 
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(b) This is a good dimensional analysis exercise, but in real life it would fail miserably, 
because natural convection is highly dependent upon the acceleration of gravity, g, which 
we left out by mistake. 





P5.40 The time ta to drain a liquid from a hole in the bottom of a tank is a function of the hole 
diameter d, the initial fluid volume vù, the initial liquid depth ho, and the density p and viscosity 


Hof the fluid. Rewrite this relation as a dimensionless function, using Ipsen’s method. 


Solution: As asked, use Ipsen’s method. Write out the function with the dimensions beneath: 
tq = fe cn d $ Vo > h, $ P > 4 ) 


{T} {L} {P} {L} {M/Ľ} {MILT} 


Eliminate the dimensions by multiplication or division. Divide by x to eliminate {M}: 


tg = fn d,vu,h, 2, É 
u 


{T} {Ey Pe: {D {T/R} 


Recall Ipsen’s rules: Only divide into variables containing mass, in this case only p. Now 


eliminate {T}. Again only one division is necessary: 
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Finally, eliminate {L} by dividing by appropriate powers of d. This completes our task when we 
discard d: itself: 


= fen Po pe Ans. 


Just divide out the dimensions, don’t worry about j or selecting repeating variables. Of course, 


the Pi Theorem would give the same, or comparable, results. 





5.41 A certain axial-flow turbine has an output torque M which is proportional to the volume 
flow rate Q and also depends upon the density p, rotor diameter D, and rotation rate Q. How 
does the torque change due to a doubling of (a) D and (b) Q? 


Solution: List the variables and their dimensions, one of which can be M/Q, since M is stated 
to be proportional to Q: 


MQ =fen( D, p , Q ) 
{MILT} {L} {M/L?} {1/T} 


Then n = 4 and j = 3, hence we expect n — j = 4 — 3 = 1 single Pi group: 


M/ : ; 
Qe dimensionless constant 


D 


(a) If turbine diameter D is doubled, the torque M increases by a factor of 4. Ans. (a) 
(b) If turbine speed Q is doubled, the torque M increases by a factor of 2. Ans. (b) 








P5.42 When disturbed, a floating buoy will bob up and down at frequency f. Assume that this 


frequency varies with buoy mass m and waterline diameter d and with the specific weight y of 
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the liquid. (a) Express this as a dimensionless function. (b) If d and yare constant and the buoy 


mass is halved, how will the frequency change? 


Solution: The proposed functionis f = fcn(m,d, y). Write out their dimensions: 


=T} ; {m} = {M} ; {d} = {D = iy = (MLT?) 


There are four variables and j = 3. Hence we expect only one Pi group. We find that 


IM = f E = constant Ans.(a) 
d\y 


Hence, for these simplifying assumptions, f is proportional to m™”. If m halves, f rises by a 
factor Osy = 1.414. In other words, halving m increases f by about 41%. Ans.(b) 





5.43 Non-dimensionalize the thermal energy partial differential equation (4.75) and its 
boundary conditions (4.62), (4.63), and (4.70) by defining dimensionless temperature T* = T/T, , 
where To is the fluid inlet temperature, assumed constant. Use other dimensionless variables as 
needed from Eqs. (5.23). Isolate all dimensionless parameters which you find, and relate them to 
the list given in Table 5.2. 


Solution: Recall the previously defined variables in addition to T*: 


u x Ut ets vorw orz 
u*=—; t R similarly, v* or w* = oi or z* = Y0 





Then the dimensionless versions of Eqs. (4.75, 62, 63, 70) result as follows: 


am ( k \ wu) 
(4.75): aaa (T | Vets lz, TL | oO 


1/Peclet Number Eckert Number divided by Reynolds Number 








Chapter 5 ¢ Dimensional Analysis and Similarity 397 


5.44 The differential energy equation for incompressible two-dimensional flow through a “Darcy- 
type” porous medium is approximately 


o Opot *° oOpoT 2T 


C + pc + 0 
PO in Ox BX PSP ay Oy oy’ 





where o is the permeability of the porous medium. All other symbols have their usual meanings. 
(a) What are the appropriate dimensions for o? (b) Nondimensionalize this equation, using (L, U, 
pP, To) as scaling constants, and discuss any dimensionless parameters which arise. 


Solution: (a) The only way to establish {o} is by comparing two terms in the PDE: 


oT OT M o [M 
ARE A forje = e 


Thus {09 ={} Ans. (a) 
(b) Define dimensionless variables using the stated list of (L, U, p, To) for scaling: 


xt=ž; y*=ľ; ptz; T= 


L L pu’ T, 


Substitution into the basic PDE above yields only a single dimensionless parameter: 


Ans. (b) 














* * * * 2T 2e U? 
EL ee ne eS 
Ox* Ox*  By* by*) By” 


I don’t know the name of this parameter. It is related to the “Darcy-Rayleigh” number. 





5.45 A model differential equation, for chemical reaction dynamics in a plug reactor, is 
as follows: 


2 
C pE kC C 


jj oen 
Ox Ox’ ot 


where u is the velocity, A is a diffusion coefficient, k is a reaction rate, x is distance along the 
reactor, and C is the (dimensionless) concentration of a given chemical in the reactor. (a) 
Determine the appropriate dimensions of A and k. (b) Using a characteristic length scale L and 
average velocity V as parameters, rewrite this equation in dimensionless form and comment on any 
Pi groups appearing. 
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Solution: (a) Since all terms in the equation contain C, we establish the dimensions of k and A 
by comparing {k} and {A07/0x?} to {u0/x}: 


s-o 5} wif a} oof 2 - {21S} 


2 


hence {k} = B and {D} = zl Ans. (a) 





(b) To non-dimensionalize the equation, define u* =w/V, t* =Vt/L, and x*=x/L and substitute 
into the basic partial differential equation. The dimensionless result is 


ais ac_(P } oC (Ze oC 
ox \WL) ax? \V Or 





VL 
> where D =mass-transfer Peclet number Ans. (b) 





P5.46 If a vertical wall at temperature Tw is surrounded by a fluid at temperature 
To, a natural convection boundary layer flow will form. For laminar flow, the momentum 
equation is 


Ou Ou 


Ou 
+ = T-T, t 
Poe "> PBT -T,)8 oe 





to be solved, along with continuity and energy, for (u, v, T) with appropriate boundary 
conditions. The quantity 2 is the thermal expansion coefficient of the fluid. Use p, g, L, 
and (Tw — To) to nondimensionalize this equation. Note that there is no “stream” velocity 
in this type of flow. 


Solution: For the given constants used to define dimensionless variables, there is only 
one pairing which will give a velocity unit: (gL)'”. Here are the writer’s dimensionless 
variables: 





pe sae ; xž*= Í; y*= ; T*= T-I 
T, 


o 
Jel Í Jel L L w—1o 
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Substitute into the momentum equation above and clean up so all terms are dimensionless: 





ðu * gL yo Val 
ok 4, Ou* = x 
pus 5) + ow as 2) ppe, -T)T* tHE 
ðu * 4 Ou* u ou 
: * H T JT * 4 Ans. 
ogg = ORS ale: Ate 


There are two dimensionless parameters: f(7,,—T,) and y/[pL.jgl ]. Neither has a 


name, to the writer’s knowledge, because a much cleverer analysis would result in only a 
single dimensionless parameter, the Grashof number, g B(T,, —T,) LV. (See, for 


example, White, Viscous Fluid Flow, 3 edition, Section 4-14.3, page 323.) 





5.47 The differential equation for small-amplitude vibrations y(x, t) of a simple beam is given by 


4 
pie ON E, 
ot Ox 
where p= beam material density 

A = cross-sectional area 

I= area moment of inertia 

E = Young’s modulus 
Use only the quantities p, E, and A to nondimensionalize y, x, and t, and rewrite the differential 
equation in dimensionless form. Do any parameters remain? Could they be removed by further 
manipulation of the variables? 


Solution: The appropriate dimensionless variables are 


Substitution into the PDE above yields a dimensionless equation with one parameter: 
PY 1) Hy 
ae ox 








) I 
=0; One geometric parameter: at Ans. 


We could remove nee completely by redefining x* =x/I"4. Ans. 
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5.48 A smooth steel (SG = 7.86) sphere is immersed in a stream of ethanol at 20°C moving at 1.5 
m/s. Estimate its drag in N from Fig. 5.3a. What stream velocity would quadruple its drag? Take D 
=2.5 cm. 


Solution: For ethanol at 20°C, take p 789 kg/m? and 4~ 0.0012 kg/m-s. Then 


-;2UD < 7820.5X0.025) 


Re 
D u 0.0012 


= 24700, Read Fig. 5.3(a): Co sphere ~ 0-4 


Compute drag F=C, (5) pU? ae = oaz joas (Zoos 
z0.17N Ans. 


Since CD 7% constant in this range of ReD, doubling U quadruples the drag. Ans. 





5.49 The sphere in Prob. 5.48 is dropped in gasoline at 20°C. Ignoring its acceleration phase, what 
will be its terminal (constant) fall velocity, from Fig. 5.3a? 


Solution: _ For gasoline at 20°C, take p ~ 680 kg/m? and u ~ 2.92E—4 kg/m-s. For steel take p ~ 
7800 kg/m’. Then, in “terminal” velocity, the net weight equals the drag force: 


Net weight = (Parcel T Peasoline p = Drag force = Cp w ao 


or: (7800- 680)(9.81)= (0.025) =0.571N=Cy (Jeo 7 0.025} 


Guess Cp) ~0.4 andcompute U =~ 2.9 ™ Ans. 
s 


Now check ReD = pUD/u = 680(2.9)(0.025)/(2.92E—4) ~ 170000. Yes, CD 7 0.4, OK. 





P5.50 The parachute in the chapter-opener photo is, of course, meant to decelerate the 
payload on Mars. The wind tunnel test gave a drag coefficient of about 1.1, based upon the 
projected area of the parachute. Suppose it was falling on earth and, at an altitude of 1000 m, 
showed a steady descent rate of about 18 mi/h. Estimate the weight of the payload. 
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Solution: Let’s convert everything to metric. The diameter is 55 ft = 16.8 m. Standard 
air density at 1000 m is 1.112 kg/m’. Descent velocity is 18 mi/h = 8.05 m/s. Then 
a = 27 3 ~ 2 2 
(1/2) pV~(z/4)D (1/2)(1.112kg /m°)(8.05m/ s)° (7 /4)(16.8m) 
Solve for F = 8740N %~ 1970/bf (on earth) Ans. 








5.51 A ship is towing a sonar array which approximates a submerged cylinder | ft in diameter and 
30 ft long with its axis normal to the direction of tow. If the tow speed is 12 kn (1 kn = 1.69 ft/s), 
estimate the horsepower required to tow this cylinder. What will be the frequency of vortices shed 
from the cylinder? Use Figs. 5.2 and 5.3. 


Solution: For seawater at 20°C, take p = 1.99 slug/ft? and 4 ~ 2.23E-5 slug/ft-s. Convert V = 12 
knots 20.3 ft/s. Then the Reynolds number and drag of the towed cylinder is 


Rep = ZUP EO) L1 86. Fig.5.3(a) cylinder: Read Cp = 0.3 
u 2.23E-5 


Then F=Cp Z) U’DL = EEE = 3700 Ibf 


Power P= FU =(3700)(20.3) +550 +140 hp Ans. (a) 


Data for cylinder vortex shedding is found from Fig. 5.2b. At a Reynolds number 
ReD ~ 1.8E6, read fD/U ~ 0.24. Then 


StU _ (0.24)(20.3 ft/s 
Shedding = = Tyan = 5Hz Ans. (b) 





5.52 When fluid in a long pipe starts up from rest at a uniform acceleration a, the initial 
flow is laminar. The flow undergoes transition to turbulence at a time t* which depends, 
to first approximation, only upon a, p, and u. Experiments by P. J. Lefebvre, on water at 
20°C starting from rest with 1-g acceleration in a 3-cm-diameter pipe, showed transition 
at t* = 1.02 s. Use this data to estimate (a) the transition time, and (b) the transition 
Reynolds number Rep for water flow accelerating at 35 m/s? in a 5-cm-diameter pipe. 
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Solution: For water at 20°C, take p = 998 kg/m? and m = 0.001 kg/m-s. There are four 
variables. Write out their dimensions: 


t* a P u 
{T} {LT} {ML*} {MLC T} 


There are three primary dimensions, (MLT), hence we expect 4 — 3 = one pi group: 


2 
T = pf uł a’ t*! yields IL = r* (23 ,ort® = (cons) E" 


pa 
Use LeFebvre’s data point to establish the constant value of I4: 


0.001kg/m—s 


3 ssl” = (const)(0.00218) 
(998kg /m> )(9.81m/s~ ) 


t* = 1.02 = (const)[ 





Thus the constant, or I,, equals 1.02/0.00218 = 467 (dimensionless). Use this value to 
establish the new transition time for a = 35 m/s” in a 5-cm-diameter pipe: 








t* = (467)(“44)'9 = (467) owe! xT = 044s Ans.(a) 
pa 998(35) 
Rep = ZVP _ PAT*)D _ 998135(0.44)10.05) _ 368 999 Ans(b) 
u u (0.001) 


This transition Reynolds number is more than 300 times the value for which steady 
laminar pipe flow undergoes transition. The reason is that this is a thin-boundary-layer 
flow, and the laminar velocity profile never even approaches the Poiseuille parabola. 
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5.53 Vortex shedding can be used to design a vortex flowmeter (Fig. 6.34). A blunt rod stretched 
across the pipe sheds vortices whose frequency is read by the sensor downstream. Suppose the pipe 
diameter is 5 cm and the rod is a cylinder of diameter 8 mm. If the sensor reads 5400 counts per 
minute, estimate the volume flow rate of water in m 37h. How might the meter react to other liquids? 


Solution: 5400 counts/min = 90 Hz = f. 






Frequency 


Flow 
— 
Fig. 6.34 
Guess 1D, z0.2= 200.0037 or Uz3.6 = 
U U s 


998(3.6)(0.008) 


x29000; Fig. 5.2: Read St ~ 0.2, OK. 
0.001 


Check Rep water = 


If the centerline velocity is 3.6 m/s and the flow is turbulent, then Vavg ~ 0.82Vcenter (see 
Ex. 3.4 of the text). Then the pipe volume flow is approximately: 


3 


m 
=(0.82x3.6)= “(0.05 my ~ 0.0058 221 Ans. 


VavgA pipe 5 hr 





5.54 A fishnet is made of 1-mm-diameter strings knotted into 2 x 2 cm squares. Estimate the 
horsepower required to tow 300 ft? of this netting at 3 kn in seawater at 20°C. The net plane is 
normal to the flow direction. 


Solution: For seawater at 20°C, take p ~ 1025 kg/m? and u ~ 0.00107 kg/m's. Convert V = 3 
knots = 1.54 m/s. Then, considering the strings as “cylinders in crossflow,” the Reynolds number 
is Re 


PND _ (1025)(1.54)(0.001) 


Rep = 
p 0.00107 


~1500; Fig. 5.3(a): Cpeyı =1.0 
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Drag of one 2-cm strand: 
F=Cy P£ zV DL= a oE 1623 Ja.54%0.00 1)(0.02) ~ 0.0243 N 


Now 1 m? of net contains 5000 of these 2-cm strands, and 300 ft? = 27.9 m? of net contains 
(5000)(27.9) = 139400 strands total, for a total net force F = 139400(0.0243) ~ 3390 N + 4.4482 
= 762 lbf on the net. Then the horsepower required to tow the net is 


Power = FV = (3390 N)(1.54 m/s) = 5220 W +746 W/hp ~7.0hp Ans. 





5.55 The radio antenna on a car begins to vibrate wildly at 8 Hz when the car is driven at 45 mi/h 
over a rutted road which approximates a sine wave of amplitude 2 cm and wavelength 4 = 2.5 m. 
The antenna diameter is 4 mm. Is the vibration due to the road or to vortex shedding? 


Solution: Convert U=45 mi/h = 20.1 m/s. Assume sea level air, 9 = 1.2 kg/m?, 

= 1.8E-5 kg/m-s. Check the Reynolds number based on antenna diameter: 

Red = (1.2)(20.1)(0.004)/(1.8E—5) = 5400. From Fig. 5.2b, read St ~ 0.21 = (@/2m)d/U = 
(fshed)(0.004 m)/(20.1 m/s), or fshed ~ 1060 Hz # 8 Hz, so rule out vortex shedding. Meanwhile, 
the rutted road introduces a forcing frequency froad = U/A = (20.1 m/s)/(2.5 m) = 8.05 Hz. We 
conclude that this resonance is due to read roughness. 





5.56 Flow past a long cylinder of square cross-section results in more drag than the comparable 
round cylinder. Here are data taken in a water tunnel for a square cylinder of side length b = 2 cm: 


V, m/s: 1.0 2.0 3.0 4.0 
Drag, N/(m of depth): 21 85 191 335 


(a) Use this data to predict the drag force per unit depth of wind blowing at 6 m/s, in air at 20°C, 
over a tall square chimney of side length b = 55 cm. (b) Is there any uncertainty in your estimate? 


Solution: Convert the data o the dimensionless form Fi(pV°bL) = fen(eVb/y), like 
Eq. (5.2). For air, take p= 1.2 kg/m? and u= 1.8E-5 kg/m-s. For water, take p = 998 kg/m? and u= 
0.001 kg/m-s. Make a new table using the water data, with L = 1 m: 


FXoVŽbL): 1.05 1.06 1.06 1.05 
pVbl ye. 19960 39920 59880 79840 
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In this Reynolds number range, the force coefficient is approximately constant at about 1.055. Use 
this value to estimate the air drag on the large chimney: 


2 
Fir x Cr Pair Vär OL )enimnev < (1.055) 1.2 G z) (0.55 m)(l m) =25N/m Ans. (a) 
m S 


(b) Yes, there is uncertainty, because Rechimney = 220,000 > Remodel = 80,000 or less. 





5.57 The simply supported 1040 carbon-steel rod of Fig. P5.57 is subjected to a crossflow stream of a 
at 20°C and 1 atm. For what stream velocity U will the rod center deflection be approximately 1 cm? 


Solution: For air at 20°C, take p = 1.2 kg/m? and u ~ 1.8E-5 kg/m's. For carbon steel take 
Young’s modulus E ~x 29E6 psi ~ 2.0E11 Pa. 






D= į cm. L=60cm 


-— = 1cm? 





Fig. P5.57 
This is not an elasticity course, so just use the formula for center deflection of a simply- 
supported beam: 
3 3 
center = = > 0.01 m= a) 44? 
48EI 48(2.0E1 1)[(z/4)(0.005)"] 





solve for Fx 218N 





Guess Cp ~1.2, then F=218N=Cp 7 VDL = aa 2 |voono.s) 


Solve for V ~ 225 m/s, check ReD = p VD/u 150,000: OK, CD ~ 1.2 from Fig. 5.3a. 
Then V ~ 225 m/s, which is quite high subsonic speed, Mach number ~ 0.66. Ans. 





5.58 For the steel rod of Prob. 5.57, at what airstream velocity U will the rod begin to vibrate 
laterally in resonance in its first mode (a half sine wave)? (Hint: Consult a vibration text [Ref. 34 or 
35] under “lateral beam vibration.”’) 
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Solution: From a vibrations book, the first mode frequency for a simply-supported slender 
beam is given by 


o, =r’ = where m = Pyet R? = beam mass per unit length 
m 
4 2 
Thus f, h _ T A -| =55.1Hz 
2m 2| (7840)z(0.005) (0.6) 


The beam will resonate if its vortex shedding frequency is the same. Guess fD/U ~ 0.2: 


fD _ 55.1(0.01) 


St== x0.2 Us28 ® 
U s 


Check Rep = pVD/u ~1800. Fig. 5.2, OK, St=0.2. Then V=2.8 ®™ Ans. 
S 








P5.59 A long, slender, 3-cm-diameter smooth flagpole bends alarmingly in 20 mi/h sea-level 
winds, causing patriotic citizens to gasp. An engineer claims that the pole will bend less 


if its surface is deliberately roughened. Is she correct, at least qualitatively? 


Solution: For sea-level air, take p = 1.2255 kg/m? and ys = 1.78E-5 kg/m-s. Convert 20 mi/h = 


8.94 m/s. Calculate the Reynolds number of the pole as a “cylinder in crossflow”: 


pVD (1.2255kg/m?>)(8.94m/s)(0.03m) 
4 1.78E -5kg/m-s 





Rep = = 18,500 


From Fig. 5.3b, we see that this Reynolds number is below the region where roughness is 


effective in reducing cylinder drag. Therefore we think the engineer is incorrect. Ans. 


[It is more likely that the drag of the flag is causing the problem.] 
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*P5.60 The thrust F of a free propeller, either aircraft or marine, depends upon density p, the 
rotation rate n in r/s, the diameter D, and the forward velocity V. Viscous effects are slight and 
neglected here. Tests of a 25-cm-diameter model aircraft propeller, in a sea-level wind tunnel, 


yield the following thrust data at a velocity of 20 m/s: 





Rotation rate, r/min 4800 6000 8000 








Measured thrust, N 6.1 19 47 

















(a) Use this data to make a crude but effective dimensionless plot. (b) Use the dimensionless data to 
predict the thrust, in newtons, of a similar 1.6-m-diameter prototype propeller when rotating at 3800 


r/min and flying at 225 mi/h at 4000 m standard altitude. 


Solution: The given functionis F = fcn(p, n, D, V), and we note that j = 3. Hence we expect 2 pi 


groups. The writer chose (p, n, D) as repeating variables and found this: 


F V 
Crp = fenJ), where Cr = —~— and J = — 
F fi ( ) F pn? Dpt nD 


The quantity Cr is called the thrust coefficient, while J is called the advance ratio. Now use the data 


(at p= 1.2255 kg/m’) to fill out a new table showing the two pi groups: 














n, t/s 133.3 100.0 80.0 
Cr 0.55 0.40 0.20 
J 0.60 0.80 1.00 














A crude but effective plot of this data is as follows. 


Ans.(a) 
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(b) At 4000 m altitude, from Table A.6, p = 0.8191 kg/m*. Convert 225 mi/h = 101.6 m/s. Convert 
3800 r/min = 63.3 r/s. Then find the prototype advance ratio: 


J = (101.6 m/s)/[(63.3 r/s)(1.6m)] = 1.00 
Well, lucky us, that’s our third data point! Therefore Cgprototype © 0.20. And the thrust is 


F 


'protoype = Cren? D* = (0200.8191 =2)63.3- oa. 6m)* = 4300N Ans.(b) 





5.61 Tf viscosity is neglected, typical pump-flow results are shown in Fig. P5.61 for a model pump 
tested in water. The pressure rise decreases and the power required increases with the dimensionless 
flow coef-ficient. Curve-fit expressions are given for the data. Suppose a similar pump of 12-cm 
diameter is built to move gasoline at 20°C and a flow rate of 25 m 3h. Tf the pump rotation speed is 30 
r/s, find (a) the pressure rise and (b) the power required. 
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P. 30 
=05+ 22 
paps taD 





A 2 
P =60- (2) 
pao QD 








2. = flow coefficient 
D 


Fig. P5.61 
Solution: For gasoline at 20°C, take p ~ 680 kg/m? and u x 2.92E—4 kg/m-s. Convert Q = 25 
m?/hr = 0.00694 m/s. Then we can evaluate the “flow coefficient”: 


Q = _ 0.00694 _ ~ 0.134, whence 


= 6 —120(0.134)? ~ 3.85 
QD? §(30)(0.12)° pX D ( ) 








and a = 0.5+3(0.134) = 0.902 


With the dimensionless pressure rise and dimensionless power known, we thus find 
Ap = (3.85)(680)(30)"(0.12)? + 34000 Pa Ans. (a) 
P =(0.902)(680)(30)°(0.12)° +410 W_ Ans. (b) 





P5.62 Extend Prob. P5.30 as follows. Let the maximum mass flow m again be 
a function of tank pressure p, and temperature 7,, gas constant R, and nozzle diameter D, 
but replace c, by the specific heat ratio, k. For an air tank at 190 kPa and 330 K, with a 2- 
cm nozzle diameter, experiments show a mass flow of 0.133 kg/s. (a) Can this data be 
used to correlate an oxygen tank? (b) If so, estimate the oxygen mass flow if the tank 
conditions are 300 kPa and 450 K, with a nozzle diameter of 3 cm. 


Solution: Problem P5.30, with c, replaced by the specific heat ratio, k, led to the function 


rit [RT, 


y T n 
Po 
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For air, R = 287 m?/s°-K and k = 1.40. The given data point reduces to 


a. [RT, 0.133),/(287 
ove = (0:133) Q8 xe ) = 0539 for k=140 
p, D (190, 000)(0.02) 


(a) Can we use this air data for oxygen? Yes, because Koxygen also equals 1.40. So let’s 
do it. For oxygen, from Table A.4, R = 260 m’/s”-K and k = 1.40. The correlation yields 


» RT 2 anan 
MA aa (260)(450) = 0.539, solvefor m 


loxyeen = 0.425 kg/s  Ans.(b) 
P, D? (300, 000)(0.03)? og 





5.63 The pressure drop per unit length Ap/L in smooth pipe flow is known to be a function only of 
the average velocity V, diameter D, and fluid properties p and x. The following data were obtained 
for flow of water at 20°C in an 8-cm-diameter pipe 50 m long: 


Q,m/s 0.005 0.01 0.015 0.020 
Ap, Pa 5800 20,300 42,100 70,800 


Verify that these data are slightly outside the range of Fig. 5.10. What is a suitable power-law 
curve fit for the present data? Use these data to estimate the pressure drop for 
flow ot kerosene at 20°C in a smooth pipe of diameter 5 cm and length 200 m if the flow rate is 
50 m”/h. 


Solution: For water at 20°C, take p ~ 998 kg/m? and u ~ 0.001 kg/m-s. In the spirit of Fig. 
5.10 and Example 5.7 in the text, we generate dimensionless Ap and V: 


Q, m/s: 0.005 0.010 0.015 0.020 
V=Q/A, m/s: 0.995 199 298 3.98 
Re=pVD/z 79400 158900 238300 317700 
PD?ApILI®A: 5.93E7 2.07E8 4.30E8 7.24E8 
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These data, except for the first point, exceed Re = 1E5 and are thus off to the right of the plot in Fig. 
5.10. They could fit a “1.75” Power-law, as in Ans. (c) as in Ex. 5.7 of the text, but only to +4%. 
They fit a “1.80” power-law much more accurately: 


a 1.80 
a ooo 2P) +1% 
u u 





For kerosene at 20°C, take p ~ 804 kg/m? and u ~ 1.92E-3 kg/m-s. The new length is 200 m, the 
new diameter is 5 cm, and the new flow rate is 50 m~/hr. Then evaluate Re: 


50/3600 797 ™ and oe pVD _ 804(7.07)(0.05) 


= 87. ~ 148100 
(7/4)(0.05) s u 1.92E-3 


7 (804)Ap(0.05)° 


Then pApD?(Ly’) = 0.0901(148100)!*° = 1.83E8 
pene ( ) (200)(1.92E-3) 


Solve for Ap #1.34E6 Pa Ans. 





5.64 The natural frequency @ of vibra-tion of a mass M attached to a rod, as in Fig. P5.64, 
depends only upon M and the stiffness E7 and length L of the rod. Tests with a 2-kg mass attached to 
a 1040 carbon-steel rod of diameter 12 mm and length 40 cm reveal a natural frequency of 0.9 
Hz. Use these data to predict the natural frequency of a 1-kg mass attached to a 2024 aluminum- 
alloy rod of the same size. 






Stiffness El 


Fig. P5.64 
Solution: For steel, E ~ 29E6 psi ~ 2.03E11 Pa. If œ= f(M, EI, L), then n = 4 and j = 3 (MLT), 
hence we get only 1 pi group, which we can evaluate from the steel data: 


3\1/2 3491/2 
O(ML’) constant = __2:91(2.00.4)"} 


ED” [(2.03E1 1)(7/4)(0.006)*}"” PES 
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For 2024 aluminum, E ~ 10.6E6 psi ~ 7.4E10 Pa. Then re-evaluate the same pi group: 


oM? _ 9 9794 = __@1.0(0.4)" 


7 j T #0.77Hz Ans. 
(EI) [(7.4E10)(7/4)(0.006)" ] 


New 





®aiam 





5.65 In turbulent flow near a flat wall, the local velocity u varies only with distance y from the 
wall, wall shear stress aw, and fluid properties p and x. The following data were taken in the University 
of Rhode Island wind tunnel for airflow, p = 0.0023 slug/ft?, = 3.81E-7 slug/(ft-s), and tv = 0.029 
Ibf/ft?: 


y, in 0.021 0.035 0.055 0.080 0.12 0.16 
u, ft/s 50.6 54.2 57.6 59.7 63.5 65.9 


(a) Plot these data in the form of dimensionless u versus dimensionless y, and suggest a suitable 
power-law curve fit. (b) Suppose that the funnel speed is increased until u = 90 ft/s at y = 0.11 in. 
Estimate the new wall shear stress, in bff. 


Solution: Given that u = fen(y, tw, p, u), then n = 5 and j = 3 (MLT), so we expect 
n—j=5-—3=2 pi groups, and they are traditionally chosen as follows (Chap. 6, Section 6.5): 


k 
= = fn( 22") where u* =(z,/p)'” =the ‘friction velocity’ 
u u 


We may compute u*= (tw Ip)? = (0.029/0.0023)!” = 2 = 3.55 ft/s and then modify the given data 
into dimensionless parameters: 


y, in: 0.021 0.035 0.055 0.080 0.12 0.16 
pu*y/u. 38 63 98 143 214 286 
wu: 14.3 153 162 168 179 186 


When plotted on log-log paper as follows, they form nearly a straight line: 
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The slope of the line is 0.13 and its intercept (at yu*/v =1) is 8.9. Hence the formula: 
wu* ~8.9(yu*/v)"? +1% Ans. (a) 
Now if the tunnel speed is increased until u = 90 ft/s at y = 0.11 in, we may substitute in: 


90 g | eee 


0.13 
= 8.9(54.5u*)°3, solve for u* = 4.89 ft/s 
3.87E-7 


u* 


Solve for T, = pu*” =(0.0023)(4.89)" = 0.055 Ibf/ft? Ans. (b) 





5.66 A torpedo 8 m below the surface in 20°C seawater cavitates at a speed of 21 m/s when 
atmospheric pressure is 101 kPa. If Reynolds-number and Froude-number effects are negligible, at 
what speed will it cavitate when running at a depth of 20 m? At what depth should it be to avoid 


cavitation at 30 m/s? 


Solution: For seawater at 20°C, take p = 1025 kg/m? and pv = 2337 Pa. With Reynolds and 


Froude numbers neglected, the cavitation numbers must simply be the same: 


Ca Pat PRPs for Flow 1 = 101000 +010250.8D8) -2337 -0 396 


pv (10252 7 
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101000 +1025(9.81)(20) = 2337 


(a) Atz=20m: Ca=0.396= z 
1025V; 





or V,~27.2 = Ans. (a) 
S 


(b At V, =30 ™. Ca = 0:396 = 101000-+102509.81)z5 -2337 
s 1025(30) 





or z,*26.5m Ans. (b) 





5.67 A student needs to measure the drag on a prototype of characteristic length dp moving at 
velocity Up in air at sea-level conditions. He constructs a model of characteristic length dm, such 
that the ratio dp/dm = a factor f. He then measures the model drag under dynamically similar 
conditions, in sea-level air. The student claims that the drag force on the prototype will be identical 
to that of the model. Is this claim correct? Explain. 


Solution: Assuming no compressibility effects, dynamic similarity requires that 


Udy — PpU py 


d 

P, n U, n 

Re, = Re,, or; es ee ’ whence —= = =f 
Hm Hp Pp am 


Run the tunnel at “f” times the prototype speed, a drag coefficients match: 


F 2 
In Poor: Fn = Unda | heey az 1 Yes, drags are the same! 
PrUndn P UE, F, | U,d, f 


mm 








P5.68 For the rotating-cylinder function of Prob. P5.20, if L >> D, the problem can 
be reduced to only two groups, F/(pU"LD) versus (QD/U). Here are experimental data for 
a cylinder 30 cm in diameter and 2 m long, rotating in sea-level air, with U = 25 m/s. 





Q, rev/min 0 3000 6000 9000 12000 15000 





























F, N 0 850 2260 2900 3120 3300 





(a) Reduce this data to the two dimensionless groups and make a plot. (b) Use this plot to 
predict the lift of a cylinder with D = 5 cm, L = 80 cm, rotating at 3800 rev/min in water at 
U =4 m/s. 
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Solution: (a) In converting the data, the writer suggests using © in rad/s, not rev/min. 
For sea-level air, p = 1.2255 kg/m’. Take, for example, the first data point, Q = 3000 
rpm X (27/60) = 314 rad/s, and F = 850 N. 















































1= ʻ = = = 1.85; TI, = a? 2 ON 3.77 
pU LD  (1.2255)(25)* (2.0m)(0.3m) U 25 
Do this for the other four data points, and plot as follows. Ans.(a) 
8 
£1] FApU'LD) 
5 
4 
3 
2 
1 
o 
0 5 10 15 20 
QD/U 











(b) For water, take p = 998 kg/m’. The new data are D = 5 cm, L = 80 cm, 3800 rev/min 
in water at U = 4 m/s. Convert 3800 rev/min = 398 rad/s. Compute the rotation Pi group: 


QD _ (398rad / s)(0.05m) 


Tl — 
U 4m/s 


= 4.97 





Read the chart for II;. The writer reads IT; ~ 2.8. Thus we estimate the water lift force: 


F = TI, pU7LD = (2.8)(998)(4)"(0.8m)(0.05m) ~ 1788N ~ 1800N Ans.(b) 





5.69 A simple flow-measurement device for streams and channels is a notch, of angle a, cut 
into the side of a dam, as shown in Fig. P5.69. The volume flow Q depends only on a, the 
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acceleration of gravity g, and the height 6 of the upstream water surface above the notch vertex. 
Tests of a model notch, of angle ~@= 55°, yield the following flow rate data: 


bss y 
6 


Fig. P5.69 


ô, cm: 10 20 30 40 
Q, mõh: 8 47 126 263 


(a) Find a dimensionless correlation for the data. (b) Use the model data to predict the flow 
rate of a prototype notch, also of angle æ = 55°, when the upstream height dis 3.2 m. 


Solution: (a) The appropriate functional relation is OQ = fcn(@, g, 6) and its dimensionless form is 
og! 2 59! 2) = fen(q@). Recalculate the data in this dimensionless form, with æ constant: 


Ol(g 75°!) = 0.224 0.233 0.227 0.230 respectively Ans. (a) 
(b) The average coefficient in the data is about 0.23. Since the notch angle is still 55°, we may use 


the formula to predict the larger flow rate: 


1/2 
O tip = 0.232 8? = 0.23( 981 z) (8.2m)? ~13.2 m3/s Ans. (b) 
i S 





5.70 A diamond-shaped body, of characteristic length 9 in, has the following measured drag 
forces when placed in a wind tunnel at sea-level standard conditions: 


V, ft/s: 30 38 48 56 6l 
F, lbf 1.25 1.95 3.02 405 481 


Use these data to predict the drag force of a similar 15-in diamond placed at similar orientation in 
20°C water flowing at 2.2 m/s. 
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Solution: For sea- level air, take p = 0.00237 slug/ft?, = 3.72E-7 slug/ft:s. For water at 20°C, 
take p = 1.94 kg/m}, = 2.09E-S slug/ft-s. Convert the model data into drag coefficient and 
Reynolds number, taking Lm = 9 in = 0.75 ft: 


Vm, ft/s: 30 38 48 56 61 
Fi(pV7L2): 0.667 0.649 0.630 0.621 0.621 
NL: 143000 182000 229000 268000 291000 


An excellent curve-fit to this data is the power-law 
Cp ©2.5Re,°1!! +1% 


Now introduce the new case, Vproto = 2.2 m/s = 7.22 ft/s, Lproto = 15 in = 1.25 ft. Then 
1.94(7.22)(1.25) 
2.09E-5 
speaking, we cannot use the model data to predict this new case. Ans. 


RE, proto = = 837000, which is outside the range of the model data. Strictly 


If we wish to extrapolate to get an estimate, we obtain 


2 . 5 Foto 


—_=° _ = 0,550 ~ —__e _ 
(837000) 1.94(7.22)° (1.25)°’ 


CF proto = 


or: x87lbf Approximately 


Foi 





5.71 The pressure drop in a venturi meter (Fig. P3.128) varies only with the fluid density, pipe 
approach velocity, and diameter ratio of the meter. A model venturi meter tested in water at 20°C 
shows a 5-kPa drop when the approach velocity is 4 m/s. A geometrically similar prototype meter is 
used to measure gasoline at 20°C and a flow rate of 9 m”/min. If the prototype pressure gage is 
most accurate at 15 kPa, what should the upstream pipe diameter be? 


Solution: Given Ap = fen(p, V, d/D), then by dimensional analysis Api(pV") = = fen(d/D). For 
water at 20°C, take p = 998 kg/m’. For gasoline at 20°C, take p = 680 kg/m’. Then, using the 
water ‘model’ data to obtain the function “fen(d/D)”, we calculate 





A 
AP in ___5000 == 0.313 = Pe: = ee solve for V, ~ 8.39 = 
PnV2, (998)(4.0) PpVp  (680)V; S 


3 
m 
Given Q= — 


gjo 


T n2 
=V,A, =(8.39)7 Pr» solve for best D, ~0.151m_ Ans. 
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P5.72 A one-twelfth-scale model of a large commercial aircraft is tested in a 
wind tunnel at 20°C and 1 atm. The model chord length is 27 cm, and its wing area is 
0.63 m°. Test results for the drag of the model are as follows: 





V, mi/h 50 75 100 125 























Drag, N 15 32 53 80 





In the spirit of Fig. 5.8, use this data to estimate the drag of the full-scale aircraft when 
flying at 550 mi/h, for the same angle of attack, at 32,800 ft standard altitude. Neglect 
Mach number differences between model and prototype. 


Solution: Compute the model drag coefficients and Reynolds numbers, plot them, and 
extrapolate in the spirit of Fig. 5.8 of the text. For the first point, 50 mi/h = 22.35 m/s. At 
20°C and 1 atm, p = 1.20 kg/m? and u= 1.8E-5 kg/m-s. Compute the first dimensionless 
data point: 


Cp = F B 15N . _ 06 
(1/2)pV~A (1/2)(1.20)(22.35)~ (0.63) 
= Ve _ (1.20)(22.35)(0.27) _ 


794 

















Re 402,000 
chord u 1.8E-5 
Do this for all four model data points: 
Re, 402,000 604,000 805,000 1,006,000 
Cp 0.0794 0.00753 0.00702 0.00678 




















Now plot them and extrapolate to the prototype Reynolds number. At 32,800 ft = 
10,000 m, 9 = 0.4125 kg/m’? and u ~ 1.5E-5 kg/m-s (at that altitude, T= 223 K). Full- 
scale c = 12(0.27) = 3.24 m, and the full-scale wing area is A = (12)°(0.63) = 90.7 m’. 
The full-scale velocity is 550 mi/h = 246 m/s. Full-scale Reynolds number is Re, = 
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(0.4125)(246)(3.24)/(1.5E-5) = 21,920,000, or log(Re,) = 7.34. The log-log plot and 


extrapolation would look like this: 





log(CD) 





-1.0 
“1.1 
1.2 
1.3 
-1.4 
-1.5 








— 





aces 

















5.5 


6.0 


6.5 
log(Re) 


7.5 








You can see that it is a long way out from those four closely packed model points to a 
Reynolds number of 21,920,000. Uncertainty is high. The model curve-fit Cp ~ 
0.82/Re”'* can be used to estimate Cp(prototype) = 0.82/(21,920,000) 0-18 ~~ 0.039. Our 
rather uncertain estimate for the drag of the full-scale aircraft is thus 


Full-scale drag ~ Cp (p,/2)V,, A, = (0.039)(0.4125/2)(246)" (90.7) ~ 


= 44,000N ~ 10,000/bf Ans. 





5.73 The power P generated by a certain windmill design depends upon its diameter D, the air 
density p, the wind velocity V, the rotation rate Q, and the number of blades n. 
(a) Write this relationship in dimensionless form. A model windmill, of diameter 50 cm, develops 
2.7 kW at sea level when V = 40 m/s and when rotating at 4800 rev/min. (b) What power will be 
developed by a geometrically and dynamically similar prototype, of diameter 5 m, in winds of 12 


m/s at 2000 m standard altitude? (c) What is the appropriate rotation rate of the prototype? 
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Solution: (a) For the function P = ston, P, V, Q, n) the appropriate dimensions are {P} = 
{ML?T?}, {D} = {L}, {0} = {ML}, D} = {L/T}, {O} = {T"}, and {n} = {1}. Using (D, p, 
V) as repeating variables, we obtain the desired dimensionless function: 

P 


QD 
— = = Ans. (a 
pps ferf 7 n) ns. (a) 


(c) “Geometrically similar” requires that n is the same for both windmills. For “dynamic similarity,” 
the advance ratio (QD/V) must be the same: 





(2) _ (4800 rimin)(0.5 m) __, o(2) - Opoo (5 M) 
V model (40 mls) i V proto 12 m/s 
OF: Qo =144 — Ans. (c) 
min 


(b) At 2000 m altitude, p = 1.0067 kg/m? . At sea level, p= 1.2255 kg/m? . Since QD/V and n are the 
same, it follows that the power coefficients equal for model and prototype: 


P 2700W B 7 Proto 


138 ‘ 
pD°V?  (1.2255)(0.5) (40)? (1.0067)(5)* (12)? 


solve P = 5990 W x 6kWŴW_ Ans. (b) 


proto 





5.74 A one-tenth-scale model of a supersonic wing tested at 700 m/s in air at 20°C and 
1 atm shows a pitching moment of 0.25 kN-m. If Reynolds-number effects are negligible, what will the 
pitching moment of the prototype wing be flying at the same Mach number at 8-km standard altitude? 


Solution: If Reynolds number is unimportant, then the dimensionless moment coefficient 
Mi(pv2 D ) must be a function only of the Mach number, Ma = V/a. For sea-level air, take p = 1.225 
kg/m? and sound speed a = 340 m/s. For air at 8000-m standard altitude (Table A-6), take p = 0.525 
kg/m? and sound speed a = 308 m/s. Then 


v, 
Ma, =m -700 -9.06=Ma,=—", solve for V, = 634 ™ 
am 340 308 s 


m 


VE 2 3 
Then M, =M,, Pe pP -0.25{ 952) (£) ~88kN-m_ Ans. 
Pa VE, 1.225 )\ 700) \1 
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P5.75 According to the web site USGS Daily Water Data for the Nation, the mean flow rate in 


the New River near Hinton, WV is 10,100 ft?/s. If the hydraulic model in Fig. 5.9 is to match 
this condition with Froude number scaling, what is the proper model flow rate? 


Solution: For Froude scaling, the volume flow rate is a blend of velocity and length terms: 


Qn Vm Am _ |En dey (Emysi Be pee 
L 
p 


Q, Vp Ap Lp Lp 





3 3 
Fig.5/9:@ =1:65; . Onoga = (10100 Ë ey = 030 Ans. 
S 


S 





5.76 A 2-ft-long model of a ship is tested in a freshwater tow tank. The measured drag may be 
split into “friction” drag (Reynolds scaling) and “wave” drag (Froude scaling). The model data are 
as follows: 

Tow speed, ft/s: 0.8 1.6 2.4 3-2 4.0 4.8 

Friction drag, lbf: 0.016 0.057 0.122 0.208 0.315 0.441 

Wave drag, lbf: 0.002 0.021 0.083 0.253 0.509 0.697 


The prototype ship is 150 ft long. Estimate its total drag when cruising at 15 kn in seawater at 20°C. 


Solution: For fresh water at 20°C, take p = 1.94 slug/ft?, u = 2.09E-5 slug/ft-s. Then 
evaluate the Reynolds numbers and the Froude numbers and respective force coefficients: 


Vm, ft/s: 0.8 1.6 2.4 3.2 4.0 4.8 
Rem=VmLm/v: 143000 297000 446000 594000 743000 892000 
CF, friction: 0.00322 0.00287 0.00273 0.00261 0.00254 0.00247 


Frm = Vm/V(gLm): 0.099 0.199 0.299 0.399 0.498 0.598 
CF, wave: 0.00040 0.00106 0.00186 0.00318 0.00410 0.00390 
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For seawater, take p = 1.99 slug/ft, ft = 2.23E-S slug/ft-s. With Lp = 150 ft and Vp = 
15 knots = 25.3 ft/s, evaluate 


V,L 

Repu _ PpVokp _1,99(25.3(150) _ 5 3968. ee 25.3 a 
My 2.23E-5 [32.2(150)] 
For Fr ~=0.364, interpolate to Cp yave © 0.0027 


Thus we can immediately estimate Fwave ~ 0.0027(1.99)(25.3)-(150)” = 77000 Ibf. However, as 
mentioned in Fig. 5.8 of the text, Rep is far outside the range of the friction force data, therefore 
we must extrapolate as best we can. A power-law curve-fit is 

0.0178 0.0178 
= Reo? hence Cp proto ™ G39E9 7 


Thus Ffriction = 0.00105(1.99)(25.3)2(150)% ~ 30000 1bf. Ftotal = 107000 Ibf. Ans. 


C = 0.00105 


F, friction 





5.77 A dam spillway is to be tested by using Froude scaling with a one-thirtieth-scale model. The 
model flow has an average velocity of 0.6 m/s and a volume flow of 0.05 m°/s. What will the 
velocity and flow of the prototype be? If the measured force on a certain part of the model is 1.5 N, 
what will the corresponding force on the prototype be? 


Solution: Given a= Lm/Lp = 1/30, Froude scaling requires that 


V, 0.6 m Q 0.05 m? 
SA: ~ 3.3 ; =-—~m = = 246 Ans. (a 
p Va (130)'? s Q, a? 1/30)? s ( ) 








The force scales in similar manner, assuming that the density remains constant (water): 


oy YL Y yay 
> P P P _ E 3, 
E ale [=] F(t (=) (1.5N)(30) ~40500N_ Ans. (b) 








5.78 A prototype spillway has a characteristic velocity of 3 m/s and a characteristic length of 10 
m. A small model is constructed by using Froude scaling. What is the minimum scale ratio of the 
model which will ensure that its minimum Weber number is 100? Both flows use water at 20°C. 


Solution: For water at 20°C, p= 998 kg/m? and Y = 0.073 N/m, for both model and prototype. 
Evaluate the Weber number of the prototype: 
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_ PoVp Lp _ 9983.0} (10.0) 








We ~1.23E6; for Froude scaling, 
P Y, 0.073 
2 
W L Y ; 
em m| Vm | | Em || 2 |- ONT ANa = if æ =0.0090 
We, #2 \ Vp Lp J Ym 1.23E6 


Thus the model Weber number will be 2100 if æ = Lm/Lp 2 0.0090 = 1/111. Ans. 





5.79 An East Coast estuary has a tidal period of 12.42 h (the semidiurnal lunar tide) and tidal 
currents of approximately 80 cm/s. If a one-five-hundredth-scale model is constructed with tides 
driven by a pump and storage apparatus, what should the period of the model tides be and what 
model current speeds are expected? 


Solution: Given Tp = 12.42 hr, Vp = 80 cm/s, and œ = Lm/Lp = 1/500. Then: 


Froude scaling: T,, =T, Va = 1242 = 6555 he Seana: Ans. (a) 


500 


Vm = Vp Væ =80/ (500) = 3.6 cm/s Ans. (b) 





5.80 A prototype ship is 35 m long and designed to cruise at 11 m/s (about 21 kn). Its drag is to be 
simulated by a 1-m-long model pulled in a tow tank. For Froude scaling find (a) the tow speed, (b) 
the ratio of prototype to model drag, and (c) the ratio of prototype to model power. 


Solution: Given a= 1/35, then Froude scaling determines everything: 


V, 


tow 


= Vm = V, Væ =11 (35) = 1.86 m/s 
1 
2 2 27 \2 3 3 
Fay /Fy = (Vmn/Vp) L/L =Ma (a =a = (1/35)? * 42900 
1 
254000 





P.,/P, = (Em/Fy)(Vg/Vp) = 27 (Na) = 95 = 135°? 





5.81 An airplane, of overall length 55 ft, is designed to fly at 680 m/s at 8000-m standard altitude. 
A one-thirtieth-scale model is to be tested in a pressurized helium wind tunnel at 20°C. What is the 
appropriate tunnel pressure in atm? Even at this (high) pressure, exact dynamic similarity is not 
achieved. Why? 
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Solution: For air at 8000-m standard altitude (Table A-6), take p = 0.525 kg/m}, u= 
1.53E-5 kg/m-s, and sound speed a = 308 m/s. For helium at 20°C (Table A-4), take gas 
constant R = 2077 J/(kg-°K), uw = 1.97E-5 kg/m:s, and a = 1005 m/s. For similarity at this 
supersonic speed, we must match both the Mach and Reynolds numbers. First convert Lp = 
55 ft = 16.8 m. Then 





Ma, =680 -221=Ma„ =m, solve for Vp =2219 ™ 
P ™ 308 1005 s 
Re, = ZVL | ~ 0525680068) _ 3 0 1F8 _ pe, = Pue(2219)116.830) 
u 1.53E-5 1.97E-5 


Solve for py, =6.21 kg/m? =P- =— Phe __ 
RT (2077)(293) 


or py. 7% 3.78 MPa = 37.3 atm Ans. 


Even with Ma and Re matched, true dynamic similarity is not achieved, because the specific heat 
ratio of helium, k ~ 1.66, is not equal to kair ~ 1.40. 





P5.82 A one-fiftieth scale model of a military airplane is tested at 1020 m/s in a 
wind tunnel at sea-level conditions. The model wing area is 180 cm°. The angle of attack 
is 3 degrees. If the measured model lift is 860 N, what is the prototype lift, using Mach 
number scaling, when it flies at 10,000 m standard altitude under dynamically similar 
conditions? [NOTE: Be careful with the area scaling.] 


Solution: At sea-level, p = 1.2255 kg/m’ and T = 288 K. Compute the speed of sound 
and Mach number for the model: 





am = VERT = fLAQ8TOR® = 340"; Ma, = Ym = 1020mis _ 
S 


am  340m/s 
Now compute the lift-force coefficient of the model: 


F, 860 N 


= J = z 3 z= 0.0749 
(1/2) PV Am (1/2)(1.2255kg /m> )(1020m/ s)* (0.0180m" ) 


Chin 


For dynamically similar conditions, the prototype must have the same lift coefficient. At 
10,000 m standard altitude, from Table A.6, read p = 0.4125 kg/m? and T = 223.16 K. 
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The prototype wing area is (0.0180m*)(50)" = 45m’. (The writer cautioned about this 
scaling.) Then compute 


a, = VkRT=/1.4(287)(223) = 299m/s, then V, = Maya, = (3.0)(299) = 898m/s 


Re 
2 


0.4125 


F proto = Crp Vp Ap = (0.0749 898) (45) = 561,000 N = 126,0001bf Ans. 


proto 





5.83 A one-fortieth-scale model of a ship’s propeller is tested in a tow tank at 1200 r/min and 
exhibits a power output of 1.4 ft-lbf/s. According to Froude scaling laws, what should the 
revolutions per minute and horsepower output of the prototype propeller be under dynamically 
similar conditions? 


Solution: Given a= 1/40, use Froude scaling laws: 


Q,/Q, =Ty/T, =e, thus 2, = x190 TE” Ans. (@) 
(40) min 


P, Q, YD, Y py 
nenda) (=) -0 D0] o 


=567000+550=1030hp Ans. (b) 








5.84 A prototype ocean-platform piling is expected to encounter currents of 150 cm/s and waves 
of 12-s period and 3-m height. If a one-fifteenth-scale model is tested in a wave channel, what 
current speed, wave period, and wave height should be encountered by the model? 


Solution: Given a= 1/15, apply straight Froude scaling (Fig. 5.65) to these results: 


: 150 cm 
Velocity: V,, =V,Va =—— =39 — 
BO ORD Soa s 
12 3 
Period: T,, = T, Va = Jpg 73ts: Height: H,,=aH,=75=0.20m Ans. 
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*P5.85 As shown in Ex. 5.3, pump performance data can be non-dimensionalized. Problem 


P5.61 gave typical dimensionless data for centrifugal pump “head”, H = Ap/pg, as follows: 


gH 
n? D? 





~ 6.0- 120(-2.)? 
nD 


where Q is the volume flow rate, n the rotation rate in r/s, and D the impeller diameter. This 
type of correlation allows one to compute H when (p, Q, D) are known. (a) Show how to 
rearrange these Pi groups so that one can size the pump, that is, compute D directly when (Q, H, 
n) are known. (b) Make a crude but effective plot of your new function. (c) Apply part (b) to 
the following example: When H = 37 m, Q = 0.14 m’/s, and n = 35 1/s, find the pump diameter 
for this condition. 


Solution: (a) We have to eliminate D from one or the other of the two parameters. The writer chose 
to remove D from the left side. The new parameter will be 








ee gH (nD? y203 Z gH 
n?D? ` Q ntg? 
nD? _ gH 
Q = fon Bg ) 


For convenience, we inverted the right-hand parameter to feature D. Thus the function 


will enable one to input (Q, H, n) and immediately solve for the impeller diameter. Ans.(a) 
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(b) The new variable hopelessly complicates the algebra of the original parabolic formula. 
However, with a little (well, maybe a lot of) work, one can compute and plot a few values: 









20 
0.0363x 







y=4.41e 





nD3/Q = 6.76 








gH/(n*’2Q2/3) 
0 10 20 30 40 50 











It fits a least-squared exponential curve quite well, as you see. Ans.(b) 





2 
= ee = ae: Bence 
n? Q7?  (B5r/s)™? (0.14m /s) 
nD? 35D 





~ 4.41 exp[0.0363(11.76)] = 6.76 = 





, Solve D x 0.30m Ans.(c) 
0.14 


(c) For the given data, H = 37 m, Q = 0.14 m?/s, and n = 35 r/s, calculate I: 


A 30-cm pump fits these conditions. These II value solutions are shown on the crude plot above. 
[NOTE: This problem was set up from the original parabolic function by using D = 30 cm, so the 


curve-fit is quite accurate.] 
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5.86 Solve Prob. 5.49 for glycerin, using the modified sphere-drag plot of Fig. 5.11. 


Solution: Recall this problem is identical to Prob. 5.85 above except that the fluid is glycerin, 
with p = 1260 kg/m? and z= 1.49 kg/m:s. Evaluate the net weight: 


W = (7800 -1260)(9.81) = (0.025) =0.525N, whence PE = yeo 298 


w (149 


From Fig. 5.11 read Re ~ 15, or V = 15(1.49)/[1260(0.025)] ~ 0.7 m/s. Ans. 





5.87 In Prob. 5.61 it would be difficult to solve for Q because it appears in all three 
dimensionless coefficients. Rescale the problem, using the data of Fig. P5.61, to make a plot of 
dimensionless Powers versus dimensionless rotation speed. Enter this plot directly to solve for Q for 
D= 12 cm, Q=25 m 3hr, and a maximum power P = 300 W, in gasoline at 20°C. 





= flow coefficient 


aD? 


Fig. P5.61 


Solution: For gasoline, p = 680 kg/m? and u = 2.92E—4 kg/m's. We can eliminate Q from the 

power coefficient for a new type of coefficient: 
P 3D’ PDî 

D S p 


to be plotted versus 





3= 


The plot is shown below, as computed from the expressions in Fig. P5.61. 
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PD*/(eQ?) 









































TOT 








































































































= Th d 
0.01 0.1 Q/QD> l 


Fig. P5.87 


Below T; < 10,000, an excellent Power-law curve-fit is (Q/QD*) ~ 1.43/84 +1%. 

We use the given data to evaluate [13 and hence compute Q/QD?: 

_ (300)(0.12)* Q 143 0.152- 253600 
(680)(25/3600)° QD? § (273)4 Q0.12) 





3 = 273, whence 


Solve for Q ~ 26.5rev/s Ans. 





5.88 Modify Prob. 5.61 as follows: Let Q = 32 r/s and Q = 24 m°/h for a geometrically similar 
pump. What is the maximum diameter if the power is not to exceed 340 W? Solve this problem 
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by rescaling the data of Fig. P5.61 to make a plot of dimensionless power versus 
dimensionless diameter. Enter this plot directly to find the desired diameter. 


Solution: We can eliminate D from the power coefficient for an alternate coefficient: 





5 to be plotted versus 


P Op? 5/3 


The plot is shown below, as computed from the expressions in Fig. P5.61. 


114 


pP 
p435 





0.01 0.1 Q/QD? 
Fig. P5.88 


Below II4 < 1,000, an excellent Power-law curve-fit is (Q/QD? z2. 12/01955 +1%, 
We use the given data to evaluate [14 and hence compute Q/QD”: 


340 as hedge PG hepa OOO 


~ 680(32)"9 (24/3600) ap? (20.8)° 32D3 





I, 


Solve for D ~ 0.11 m Ans. 
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P5.89 Wall friction z,, for turbulent flow at velocity U in a pipe of diameter D, was 
correlated, in 1911, with a dimensionless correlation by Ludwig Prandtl’s student H. 
Blasius: 


Tj}  _ 0.632 


pU* — (puD/ y)'"4 





Suppose that (p, U, 4, Tw) were all known and it was desired to find the unknown velocity 
U. Rearrange and rewrite the formula so that U can be immediately calculated. 


Solution: The easiest path the writer can see is to get rid of U? on the left hand side by 
multiplying both sides by the Reynolds number squared: 











7 „pUD T„ pD? 0.632 UD UD 
2 (2 y= _ 7 =e = 0.632(2. yi4 
pU” H u (eUD/ u) u u 
2 
Solve for cy and clean up: PUD. z 13022 y7 Ans. 
H 4 





5.90 Knowing that Ap is proportional to L, rescale the data of Example 5.7 to plot dimensionless 
Ap versus dimensionless viscosity. Use this plot to find the viscosity required in the first row of data 
in Example 5.7 if the pressure drop is increased to 10 kPa for the same flow rate, length, and 
density. 


Solution: Recall that Example 5.7, where Ap/L = fen(p, V, 4 D), led to the correlation 





1.75 
DA VD DR : 
pP i op z oss 22) , Which is awkward because w occurs on both sides. 
u 


4 
We can form a “u-free” parameter by dividing the left side by Reynolds-number-squared: 


_pD°ApiLu?  ApD 0.155 
(OVDI  pPV°L (pVD/u)°* 





(3) 


4 
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Correlation “3” can now be used to solve for an unknown viscosity. The data are the first row of 
Example 5.7, with viscosity unknown and a new pressure drop listed: 





L=5m; D=lem; Q=0.3m*/hr; Ap=10,000 Pa; p=680 ts, v=1.06 Œ 
m S 
Evaluate 11, = 0O00 0026220135 or Re=1230 27? 
(680)(1.06) (5.0) Re” 


This is a trap for the unwary: Re = 1230 is far below the range of the data in Ex. 5.7, for which 
15000 < Re < 95000. The solution cannot be trusted and in fact is quite incorrect, for the flow 
would be laminar and follow an entirely different correlation. Ans. 








*P5,91 The traditional “Moody-type” pipe friction correlation in Chap. 6 is of the form 


2Ap D VD e 
f = PE = faf, 2) 
pV’ L u D 





where D is the pipe diameter, L the pipe length, and £ the wall roughness. Note that fluid 


average velocity V is used on both sides. This form is meant to find Ap when V is known. 


(a) Suppose that Ap is known and we wish to find V. Rearrange the above function so that V is 
isolated on the left-hand side. Use the following data, for D = 0.005, to make a plot of your 


new function, with your velocity parameter as the ordinate of the plot. 





f 0.0356 0.0316 0.0308 0.0305 0.0304 








pVD/u 15,000 75,000 250,000 900,000 3,330,000 
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(b) Use your plot to determine V, in m/s, for the following pipe flow: D = 5 cm, £= 0.025 cm, 


L= 10 m, for water flow at 20°C and 1 atm. The pressure drop Ap is 110 kPa. 


Solution: We can eliminate V from the left side by multiplying by Re?. Then rearrange: 








D 2pD* A 
Rep = fef Reh, Ê), or: AVD. fen E 24 
D Lu D 
We can add a third row to the data above and make a log-log plot: 
fRep 8.01E6 1.78E8 1.92E9 2.47E10 3.31E11 





























log(Rep) 

















log(f Rep?) 
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It is a pretty good straight line on a log-log plot, which means a power-law. A good fit is 


3 
PVD = 485 (2R ae 0507 
H Lu 
Different power-law constants would be needed for other roughness ratios. 


for > = 0.005 


(b) Given pipe pressure drop data. For water, take p= 998 kg/m? and = 0.001 kg/m-s. 


Calculate the value of (f Rep’) for this data: 


2pD* Ap _ 2(998kg/m*)(0.05m)° (110000 Pa) 





fRep = = 2.75E9 
p Lu? (10m)(0.001kg/m- s)? 
Power-law: 2P =4.85(2.75E9)°5 x 296,000 = iii 
u , 


Solve for V = 5.93 m/s Ans.(b) 
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FUNDAMENTALS OF ENGINEERING EXAM PROBLEMS: Answers 


FE5.1 Given the parameters (U, L, g, p, 4) which affect a certain liquid flow problem. The ratio 
V?Le)i is usually known as the 


(a) velocity head (b) Bernoulli head (c) Froude No. (d) kinetic energy (e)impact energy 


FES.2 A ship 150 m long, designed to cruise at 18 knots, is to be tested in a tow tank with a model 
3 m long. The appropriate tow velocity is 


(a) 0.19 m/s (b)0.35 m/s (ce) 1.31 m/s (d)2.55 m/s_ (e) 8.35 m/s 





FE5.3 A ship 150 m long, designed to cruise at 18 knots, is to be tested in a tow tank with a model 
3 m long. If the model wave drag is 2.2 N, the estimated full-size ship wave drag is 


(a) 5500N (b)8700N_ (c)38900N (d)61800N_ (e) 275000 N 


FE5.4 A tidal estuary is dominated by the semi-diurnal lunar tide, with a period of 12.42 
hours. If a 1:500 model of the estuary is tested, what should be the model tidal period? 


(a)4.0s (b) 15min (c)17 min (d)33.min (e) 64 min 





FES.5 A football, meant to be thrown at 60 mi/h in sea-level air (9 = 1.22 kg/m}, 
ft = 1.78E-5 N-s/m*) is to be tested using a one-quarter scale model in a water tunnel 
(p = 998 kg/m’, u = 0.0010 N- s/m? ). For dynamic similarity, what is the proper model water 
velocity? 


(a) 7.5 mi/hr (b) 15.0 mi/hr (c) 15.6 mi/hr (d) 16.5 mi/hr (e) 30 mi/hr 


FE5.6 A football, meant to be thrown at 60 mi/h in sea-level air (9 = 1.22 kg/m’, 
u = 1.78E-5 A) is to be tested using a one-quarter scale model in a water tunnel 
(p = 998 kg/m’, u = 0.0010 N- s/m? ). For dynamic similarity, what is the ratio of model force to 
prototype force? 


(a) 3.86:1 (b)16:1 (c)32:1 (d) 56.2:1 (e) 64:1 


FE5.7 Consider liquid flow of density p, viscosity 4, and velocity U over a very small model 
spillway of Jength scale L, such that the liquid surface tension coefficient Y is important. The 
quantity pu? L/Y in this case is important and is called the 


(a) capillary rise (b) Froude No. (c) Prandtl No. (d) Weber No. (e) Bond No. 


FE5.8 If a stream flowing at velocity U past a body of length L causes a force F on the body 
which depends only upon U, L and fluid viscosity 4z, then F must be proportional to 


(a) pUL/u (b) PUL? (©) aUL (a) UL (e) UL/u 
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FE5.9 In supersonic wind tunnel testing, if different gases are used, dynamic similarity requires 
that the model and prototype have the same Mach number and the same 


(a) Euler number (b) speed of sound (c) stagnation enthalpy 
(d) Froude number (e) specific heat ratio 


FE5.10 The Reynolds number for a 1-ft-diameter sphere moving at 2.3 mi/hr through seawater 
(specific gravity 1.027, viscosity 1.07E-3 N-s/m?) is approximately 

(a) 300 (b)3000 (c) 30,000 (d) 300,000 (e) 3,000,000 
FES.11 The Ekman number, important in physical oceanography, is a 


dimensionless combination of 4, L, p, and the earth’s rotation rate Q. If the Ekman 
number is proportional to Q, it should take the form 


(a)pQL lu O uLip (Y pQLiu (d) pÊ (e) pQILu 


FE5.12 A valid, but probably useless, dimensionless group is given by 
(wT, g)/(YLa), where everything has its usual meaning, except a. What are the 


dimensions of a? 


ALIT! (OL'T? @omt! @deo'tt!  ( et! 
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COMPREHENSIVE PROBLEMS 


C5.1 Estimating pipe wall friction is one of the most common tasks in fluids engineering. For 
long circular, rough pipes in turbulent flow, wall shear zw is a function of density p, viscosity 4, 
average velocity V, pipe diameter d, and wall roughness height ¢. Thus, functionally, we can write 
tw = fen(p, 4s V, d, €). (a) Using dimensional analysis, rewrite this function in dimensionless form. 
(b) A certain pipe has d = 5 cm and ¢= 0.25 mm. For flow of water at 20°C, measurements show 
the following values of wall shear stress: 


Q Gn gal/min) ~ 1.5 3.0 6.0 9.0 12.0 14.0 
tw (in Pa) ~ 0.05 0.18 0.37 0.64 0.86 1.25 


Plot this data in the dimensionless form suggested by your part (a) and suggest a curve-fit formula. 
Does your plot reveal the entire functional relation suggested in your part (a)? 


Solution: (a) There are 6 variables and 3 primary dimensions, therefore we expect 3 Pi groups. 
The traditional choices are: 


= fen [2 E) or: Cp = fenf re. £) Ans. (a) 


(b) In nondimensionalizing and plotting the above data, we find that £/d = 0.25 mm/50 mm = 0.005 
for all the data. Therefore we only plot dimensionless shear versus Reynolds number, using p = 998 
kg/m? and = 0.001 kg/m-s for water. The results are tabulated as follows: 


V, m/s Re Cf 
0.0481972 2405 0.021567 
0.0963944 4810 0.019411 
0.1927888 9620 0.009975 
0.2891832 14430 0.007668 
0.3855776 19240 0.005796 
0.4498406 22447 0.00619 


When plotted on log-log paper, Cf versus Re makes a slightly curved line. 





A reasonable power-law curve-fit is shown of 4, 
the chart: Cf x 3.63Re 64 with 95% correlatior cr 


Ans. (b) odi 
This curve is only for the narrow Reynolds numbe 
range 2000-22000 and a single sld. ai Eao 


1000 10000 
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C5.2 When the fluid exiting a nozzle, as in Fig. P3.49, is a gas, instead of water, 
compressibility may be important, especially if upstream pressure p1 is large and exit diameter 
d2 is small. In this case, the difference (p1 — p2) is no longer controlling, and the gas mass 
flow, th, reaches a maximum value which depends upon p1 and d2 and also upon the absolute 
upstream temperature, T1, and the gas constant, R. Thus, functionally, m= fen(p,, d5, T,, R). (a) 
Using dimensional analysis, rewrite this function in dimensionless form. (b) A certain pipe has d2 = 
1 cm. For flow of air, measurements show the following values of mass flow through the nozzle: 

















Tı (in °K) 300 300 300 500 800 
p1 (in kPa) 200 250 300 300 300 
m (in kg/s) 0.037 0.046 0.055 0.043 0.034 




















Plot this data in the dimensionless form suggested by your part (a). Does your plot reveal the entire 
functional relation suggested in your part (a)? 


Solution: (a) There are n = 5 variables and j = 4 dimensions (M, L, T, ©), hence we expect only n 
-j= 5- 4 = 1 Pi group, which turns out to be 


IL= m./RT, 
1 2 
pid, 
(b) The data should yield a single measured value of 11 for all five points: 


=Constant Ans. (a) 


TI (in °K) ~ 300 300 300 500 800 
m/(RT)(p,d,): 0.543 0.540 0.538 0.543 0.543 


Thus the measured value of I1 is about 0.543 + 0.005 (dimensionless), which is very close to the 
theoretical value of 0.538 developed in Chap. 9 for air, k = 1.40. The problem asks you to plot this 
function, but since it is a constant, we shall not bother. Ans. (a, b) 





C5.3 Reconsider the fully-developed drain-ing vertical oil-film problem (see Fig. P4.80) as an 
exercise in dimensional analysis. Let the vertical velocity be a function only of distance from the plate, 
fluid properties, gravity, and film thickness. That is, w = fen(x, p, 4, 8, Ô). 

(a) Use the Pi theorem to rewrite this function in terms of dimensionless parameters. 
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b) Verify that the exact solution from Prob. 4.80 is consistent with your result in part (a). 


Oil film 


y jjs 


X 


Solution: There are n = 6 variables and j = 3 dimensions (M, L, T), hence we expect only n — 
j=6-— 3 =3 Pi groups. The author selects (p, g, ô) as repeating variables, whence 


ce E 


w 
I], =-=; Il, ; 
go pv go" 





Thus the expected function is 


( 
w u x 
A EN E 
Vgd s 26° 5) 


(b) The exact solution from Problem 4.80 can be written in just this form: 





Yes, the two forms of dimensionless function are the same. Ans. (b) 





C5.4 The Taco Inc. Model 4013 centrifugal pump has an impeller of diameter D = 12.95 in. When 
pumping 20°C water at Q = 1160 rev/min, the measured flow rate Q and pressure rise Ap are given 
by the manufacturer as follows: 


Q (gal/min) ~ 200 300 400 500 600 700 
Ap (psi) ~ 36 35 34 32 29 23 


(a) Assuming that Ap = fcn(p, Q, D, Q), use the Pi theorem to rewrite this function in terms of 
dimensionless parameters and then plot the given data in dimensionless form. (b) It is desired 


to use the same pump, running at 900 rev/min, to pump 20°C gasoline at 400 gal/min. 
According to your dimensionless correlation, what pressure rise Ap is expected, in lbf/in?? 


Solution: There are n = 5 variables and j = 3 dimensions (M, L, T), hence we expect 
n -j = 5 — 3 = 2 Pi groups. The author selects (p, D, Q) as repeating variables, whence 


A 
an I, Q or: Ap - fen| 


~ OD?’ PD? 
Convert the data to this form, using Q = 19.33 rev/s, D = 1.079 ft, p = 1.94 slug/ft?, and use Ap in 
Ibf/tt2, not psi, and Q in ft/s, not gal/min: 


II, = 


} Ans. (a) 


Q (gal/min) ~ 200 300 400 500 600 700 
App D3: 6.l4 5.97 580 546 495 392 
QQDÌ): 0.0183 0.0275 0.0367 0.0458 0.0550 0.0642 


The dimensionless plot of TT1 versus T2 is shown below. 


7 





o 





nn 








A 


w 











DeltaP/(RhoOmega2 D2) 




















0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 
Qi(OmegaD?) 


(b) The dimensionless chart above is valid for the new conditions, also. Convert 400 gal/min to 
0.891 ft?/s and Q = 900 rev/min to 15 rev/s. Then evaluate I12: 


Q 0.891 


=~. =" =0.0473 
QD? 15(1.079) 





2 
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This value is entered in the chart above, from which we see that the corresponding value of IT1 is 
about 5.4. For gasoline (Table A-3), p = 1.32 slug/ft?. Then this new running condition with 
gasoline corresponds to 


Tl, =5.4= ap a Ap z» solve for Ap =1870 wl =13 a Ans. (b) 
PXD? 1.32(15% (1.079) fe 








C5.5 Does an automobile radio antenna vibrate in resonance due to vortex shedding? Consider 
an antenna of length L and diameter D. According to beam-vibration theory [e.g. Kelly [34], p. 
401], the first mode natural frequency of a solid circular cantilever beam is @n = 
3.516[EI(pAL*)] = where E is the modulus of elasticity, Z is the area moment of inertia, p is the 
beam material density, and A is the beam cross-section area. (a) Show that œn is proportional to 
the antenna radius R. (b) If the antenna is steel, with L= 60 cm and D = 4 mm,, estimate the 
natural vibration frequency, in Hz. (c) Compare with the shedding frequency if the car moves at 
65 mi/h. 


Solution: (a) From Fig. 2.13 for a circular cross-section, A = aR? and I = zRÎ/4. Then the 
natural frequency is predicted to be: 


4 
o, =3.516, | ZZR -1.758 |E £ = const x RP Ans. (a) 
prRL pL 


(b) For steel, E = 2.1E11 Pa and p= 7840 kg/m’. Tf L = 60 cm and D = 4 mm, then 


©, =1.758 eee O10 ei Siia Ans 
7840 0.67 s 


(c) For U = 65 mi/h = 29.1 m/s and sea-level air, check ReD = pUD/u = 1.2(29.1)(0.004)/ 
(0.000018) ~ 7800. From Fig. 5.2b, read Strouhal number St ~ 0.21. Then, 











OshedD _ Osea C0-00 991 or: opa 29600 E 1500 Hz Ans. (©) 


22U 27(29.1) sS 


Thus, for a typical antenna, the shedding frequency is far higher than the natural vibration 
frequency. 





Chapter 6 - Viscous Flow in Ducts 


P6.1 An engineer claims that flow of SAE 30W oil, at 20°C, through a 5-cm-diameter smooth 
pipe at 1 million N/h, is laminar. Do you agree? A million newtons is a lot, so this sounds like 
an awfully high flow rate. 


Solution: For SAE 30W oil at 20°C (Table A.3), take p = 891 kg/m? and u = 0.29 kg/m-s. 
Convert the weight flow rate to volume flow rate in SI units: 


$ 3 
e UEON MURODI D oag E E osa V solve V =16.2™ 
ps (891kg/m-> )(9.81m/s~ ) s 4 s 


pVD (891kg/m?>)(16.2m/ s)(0.05m) E 
0.29kg/m-s 


This is not high, but not laminar. Ans. With careful inlet design, low disturbances, and a very 
smooth wall, it might still be laminar, but No, this is transitional, not definitely laminar. 





Q= 


Calculate Rep = 2500 (transitional) 





P6.2 The present pumping rate of North Slope crude oil through the Alaska 
Pipeline (see the chapter-opener photo) is about 600,000 barrels per day (1 barrel = 42 
U.S. gallons). What would be the maximum rate if the flow were constrained to be 
laminar? Assume that Alaskan crude oil fits Fig. A.1 of the Appendix at 60°C. 


Solution: From Fig. A.1 for crude at 60°C, p = 0.86(1000) = 860 kg/m? and u = 0.0040 
kg/m-s. From Eq. (6.2), the maximum laminar Reynolds number is about 2300. Convert 
the pipe diameter from 48 inches to 1.22 m. Solve for velocity: 


3 
PVD _ (860kg /m )V 0.22m) ; Solve for V = 0.00877 = 
u 0.0040kg /m- s sS 


Q = VA = (0.00877 m/ s) (t / 41.22m)? = 0.01025 m° / s x3600x 24 = 
= 886m? / day ~ 5600 barrels/day Ans. 





Rep = 2300 = 
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P6.3 Following up Prob. P6.2, suppose the Alaska Pipeline were carrying 30 
million U.S. gallons per day of SAE 30W oil at 20°C? Estimate the Reynolds number. Is the 
flow laminar? 


Solution: For SAE 30W oil at 20°C, Table A.3, p= 891 kg/m’, and u = 0.29 kg/m-s. 
Convert the flow rate into cubic meters per second and then find the Reynolds number: 


3 
Q = 30E6 8} +24+3600 = 347 £7. x 0.0037854 = 1.314” (or V =1.13 
day s s s 
Rep = 4pQ = SUE = 4200 Ans. (Transitional, not laminar) 
mD — 71(0.29)(1.22m) 








6.4 For flow of SAE 30W oil through a 5-cm-diameter pipe, from Fig. A.1, for what 
flow rate in m?/h would we expect transition to turbulence at (a) 20°C and (b) 100°C? 


Solution: For SAE 30W oil take 9 =891 kg/m? and take yz = 0.29 kg/m:s at 20°C (Table 
A.3) and 0.01 kg/m-s at 100°C (Fig A.1). Write the critical Reynolds number in terms of 
flow rate QO: 
pVD _4p0 4(891 kg/m*)O 
u muD~ n(0.29 kg/m-s)(0.05 m)’ 
3 3 
solve O=0.0293 ” = 106 S Ans. (a) 
S 


(b) Re, =2300= PVD 4p0 ——4(891 kg/m* )O 
en uw ~— mtD  z(0.010 kg/ms)(0.05 m)’ 
3 3 
solve O=0.00101 ~ =3.6 =e Ans. (b) 
S 





(a) Re.,;, =2300 = 


crit 
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6.5 In flow past a body or wall, early transition to turbulence can be induced by placing 
a trip wire on the wall across the flow, as in Fig. P6.5. If the trip wire in Fig. P6.5 is 
placed where the local velocity is U, it will trigger turbulence if Ud/v= 850, where d is the 
wire diameter [Ref. 3 of Ch. 6]. If the sphere diameter is 20 cm and transition is observed at 
ReD = 90,000, what is the diameter of the trip wire in mm? 





Fig. P6.5 


Solution: For the same U and v, 


Re, = Ud L850; Rep = UD L 90000, 
v v 








Ri 
or d= po“ = (200 mm){ eee ) z 1.9 mm 
Rep 90000 
P6.6 For flow of a uniform stream parallel to a sharp flat plate, transition to a turbulent 


boundary layer on the plate may occur at Re, = pUx/u ~ 1E6, where U is the approach velocity 
and x is distance along the plate. If U= 2.5 m/s, determine the distance x for the following fluids 
at 20°C and 1 atm: (a) hydrogen; () air; (c) gasoline; (d) water; (e) mercury; and (f) glycerin. 


Solution: We are to calculate x = (Re,)(4)/(PU) = (LE6)(4)/[p (2.5m/s)]. Make a table: 




















FLUID p- kg/m’? 4u- kg/m-s x - meters 
Hydrogen 0.00839 9.05E-5 43. 
Air 1.205 1.80E-5 6.0 
Gasoline 680 2.92E-4 0.17 
Water 998 0.0010 0.40 
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Mercury 13,550 1.56E-3 0.046 








Glycerin 1260 1.49 470. 














Clearly there are vast differences between fluid properties and their effects on flows. 





6.7 Cola, approximated as pure water at 20°C, is to fill an 8-oz container (1 U.S. gal = 
128 fl oz) through a 5-mm-diameter tube. Estimate the minimum filling time if the tube 
flow is to remain laminar. For what cola (water) temperature would this minimum time 
be 1 min? 


Solution: For cola “water”, take p = 998 kg/m? and w= 0.001 kg/m-s. Convert 8 fluid 
ounces = (8/128)(231 in?) ~ 2.37E-4 m?. Then, if we assume transition at Re = 2300, 


E Quit =9.05E-6 
u muD 4(998) s 


Then Atfill = V/Q = 2.37E-4/9.05E-6 ~26s Ans. (a) 





3 
Re,, =2300=2¥P _40Q _ 23002(0.001)(0.005) 


(b) We fill in exactly one minute if Qcrit = 2.37E—4/60 = 3.94E-6 m?/s. Then 


3 
Qua =3.94E-6 = — if Vester ¥ 4.36E-7 m/s 
S 


From Table A-1, this kinematic viscosity occurs at T = 66°C Ans. (b) 





6.8 When water at 20°C (p = 998 kg/m}, u = 0.001 kg/m-s) flows through an 8-cm- 
diameter pipe, the wall shear stress is 72 Pa. What is the axial pressure gradient (Op/Ox) 
if the pipe is (a) horizontal; and (b) vertical with the flow up? 

Solution: Equation (6.9b) applies in both cases, noting that zw is negative: 


dp 2t, _2(-72 Pa) _ 
dx R 0.04 m 





(a) Horizontal: 3600 È? Ans. (a) 
m 


1 
(b) Vertical, up: 2 = 2m pZ Z = —3600 — 998(9.81) = —13, 400 Pa Ans. (b) 
dx R Ix m 
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6.9 A light liquid (p = 950 kg/m?) flows at an average velocity of 10 m/s through a 
horizontal smooth tube of diameter 5 cm. The fluid pressure is measured at 1-m intervals 
along the pipe, as follows: 


x, m: 0 1 2 3 4 5 6 
p,kPa: 304 273 255 240 226 213 200 


Estimate (a) the total head loss, in meters; (b) the wall shear stress in the fully developed 
section of the pipe; and (c) the overall friction factor. 


Solution: As sketched in Fig. 6.6 of the text, the pressure drops fast in the entrance 
region (31 kPa in the first meter) and levels off to a linear decrease in the “fully 
developed” region (13 kPa/m for this data). 

(a) The overall head loss, for Az = 0, is defined by Eq. (6.8) of the text: 


A — 
p, = BP _ 304,000 200,000 Pa -tt m Ans (a) 
pg (950 kg/m’ )\(9.81 m/s“) 


(b) The wall shear stress in the fully-developed region is defined by Eq. (6.96): 


13000 Pa 4 4 
2A Lwa w solve for t, =163Pa Ans. (b) 


2r) = 
AL fully developed lm d 0.05 m 


(c) The overall friction factor is defined by Eq. (6.10) of the text: 


d 


2g 
=h =(11.2 m 
T oiea f, overall L y2 ( i 





2 
0.05 saa mis“) =0.0182 Ans. (c) 


6m ) (10 m/sy 


NOTE: The fully-developed friction factor is only 0.0137. 





6.10 Water at 20°C (p = 998 kg/m? ) flows through an inclined 8-cm-diameter pipe. At 
sections A and B, pA = 186 kPa, VA = 3.2 m/s, zA = 24.5 m, while pB = 260 kPa, VB = 3.2 
m/s, and zB = 9.1 m. Which way is the flow going? What is the head loss? 
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Solution: Guess that the flow is from A to B and write the steady flow energy equation: 


y? y? 186000 260000 
Pig z= fy +Zgth,, or: +24.5 = +9.1+h,, 
pg 7e pg ye 9790 9790 : 


or: 43.50 = 35.66 +hp, solve: hy = +7.84m_ Yes, flow is from A to B. Ans. (a, b) 











6.11 Water at 20°C flows upward at 4 m/s in a 6-cm-diameter pipe. The pipe length 
between points 1 and 2 is 5 m, and point 2 is 3 m higher. A mercury manometer, 
connected between 1 and 2, has a reading h = 135 mm, with p1 higher. (a) What is the 
pressure change (p1 — p2)? (b) What is the head loss, in meters? (c) Is the manometer reading 
proportional to head loss? Explain. (d) What 
is the friction factor of the flow? 


Solution: A sketch of this situation is 
shown at right. By moving through the 
manometer, we obtain the pressure change 
between points 1 and 2, which we compare 
with Eq. (6.9b): 





Pi +Yyh-Ymh -yA = p, 
N N 
or p-p = (13310-9790 x) (0.135 m)+(9790 x) (Gm) 
m m 


= 16650 + 29370 = 46,000 Pa = Ans. (a) 











From Eq. (6.9b), ge ape ee “-3m=4.7-3.0=1.7m Ans. (b) 
Vw 9790 Nim 
ae i d 2g (2% m) 2(9.81 m/s”) 
The friction factor is =h, =(1.7m =0.025 Ans.(d 
f f f Ly? ( ) 5m (4 mls) (9) 


By comparing the manometer relation to the head-loss relation above, we find that: 


hy = Om =F) and thus head loss is proportional to manometer reading. Ans. (c) 


Yw 





NOTE: IN PROBLEMS 6.12 TO 6.99, MINOR LOSSES ARE NEGLECTED. 
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6.12 A5- mma -diameter capillary tube is used as a viscometer for oils. When the flow 
rate is 0.071 m 3/h, the measured pressure drop per unit length is 375 kPa/m. Estimate the 
viscosity of the fluid. Is the flow laminar? Can you also estimate the density of the fluid? 


Solution: Assume laminar flow and use the pressure drop formula (6.12): 





2 ? 8(0.071/3600 k 
a : 375000 P8 Oe solve u=0.292 “© Ans. 
L aR m 70(0.0025)* m-s 

k 
Guessing Pon = 900 = =o) 
check Re = 4R £ H200)(0:0713600) j 16 OK,laminar Ans. 


mud z(0.292)(0.005) 
It is not possible to find density from this data, laminar pipe flow is independent of density. 





6.13 A soda straw is 20 cm long and 2 mm in diameter. It delivers cold cola, 
approximated as water at 10°C, at a rate of 3 cm?/s. (a) What is the head loss through the 
straw? What is the axial pressure gradient q>/&x if the flow is (b) vertically up or 
(c) horizontal? Can the human lung deliver this much flow? 


Solution: For water at 10°C, take p= 1000 kg/m? and y= 1.307E-3 kg/m-s. Check Re: 
4pQ _ 4(1000)(3E-6 m*/s) 
mud  7(1.307E-3)(0.002) 


128uLQ _ 128(1.307E-3)(0.2)(3E-6) 
mped* 7(1000)(9.81)(0.002)* 


Re= =1460 (OK, laminar flow) 





Then, from Eq. (6.12), hy = =0.204m = Ans. (a) 


If the straw is horizontal, then the pressure gradient is simply due to the head loss: 


Ap) pgh; _ 1000(9.81)(0.204 m) 
horiz L 0.2m 





~9980 È> Ans. (c) 
m 


If the straw is vertical, with flow up, the head loss and elevation change add together: 


Ap _ pa(h;+Az) — 1000(9.81)(0.204+0.2) 
L vertical L 0.2 





~ 19800 ta Ans. (b) 
m 


The human lung can certainly deliver case (c) and strong lungs can develop case (b) also. 
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6.14 Water at 20°C is to be siphoned 


L=im,d=2mm 
through a tube 1 m long and 2 mm in a 
diameter, as in Fig. P6.14. Is there any P a} 
height H for which the flow might not be Water at 20° C Ñ ft 


laminar? What is the flow rate if H = 50 cm? 
Neglect the tube curvature. 







Fig. P6.14 


Solution: For water at 20°C, take p = 998 kg/m? and = 0.001 kg/m-s. Write the steady 
flow energy equation between points 1 and 2 above: 














2 2 2 
Patm 0 , Z Patm ; Vive ; Z3 ; hy, or: H-V 7 hy Z ee V (1) 
pe 2g pe 2g 2g pgd 
2 
Enter data in Eq. (1): 0.5- y 7 = solve V ~0.590 = 
2(9.81) (998)(9.81)(0.002) s 


Equation (1) is quadratic in V and has only one positive root. The siphon flow rate is 


3 3 
Quesocm = 4 (0.002) (0.590) =1.85E-6 ™— = 0.0067 m if H=50cm Ans. 
S 


Check Re = (998)(0.590)(0.002) /(0.001) ~ 1180 (OK, laminar flow) 


It is possible to approach Re ~ 2000 (possible transition to turbulent flow) for H < 1 m, 
for the case of the siphon bent over nearly vertical. We obtain Re = 2000 at H ~ 0.87 m. 





6.15 Professor Gordon Holloway and his students at the University of New Brunswick 
went to a fast-food emporium and tried to drink chocolate shakes (9 ~ 1200 kg/m’, 
4 6 kg/m-s) through fat straws 8 mm in diameter and 30 cm long. (a) Verify that their 
human lungs, which can develop approximately 3000 Pa of vacuum pressure, would be 
unable to drink the milkshake through the vertical straw. (b) A student cut 15 cm from his 
straw and proceeded to drink happily. What rate of milkshake flow was produced by this 
strategy? 


Solution: (a) Assume the straw is barely inserted into the milkshake. Then the energy 
equation predicts 





2 2 
Pa ei hy 
pg 2g pg 2g 
-3000 P. y? 
=0+0+0 ( a) + —H 03 m+h 


~ (1200 kg/m?)(9.81 m/s?) 2g f 
2 


Solve for hy = 0.255 m—0.3 m— “te <0 which is impossible Ans. (a) 
g 
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(b) By cutting off 15 cm of vertical length and assuming laminar flow, we obtain a new 
energy equation 
2 2 
Ve SAT -0.105 m V° 32(6.0)(0.15)V i 
2g pgd 2(9.81) (1200)(9.81)(0.008) 


Solve for V =0.00275 m/s, Q = AV = (7/4)(0.008)} (0.00275) 





h, =0.255—0.15 


3 3 
Q=1.4E-7 A =0.14 pa Ans. (b) 


Check the Reynolds number: Red = pVd/ u= (1200)(0.00275)(0.008)/(6) = 0.0044 (Laminar). 





P6.16 Fluid flows steadily, at volume rate Q, through a large horizontal pipe and then 
divides into two small pipes, the larger of which has an inside diameter of 25 mm and carries 
three times the flow of the smaller pipe. Both small pipes have the same length and pressure 
drop. Ifall flows are laminar, estimate the diameter of the smaller pipe. 


Solution: For laminar flow in a horizontal pipe, the volume flow is a simple formula, 
Eq. (6.12): 
_ ad 4 Ap 
Qiaminar = Bsa L 


Since Ap, L, and yz are the same in the two small pipes, it follows that the flows simply vary as 
the 4"" power of their diameters. Let pipe 1 have the 25-mm diameter. Then we compute 


Q; =(const)(d') = 30, = 3(const)(d}) 


d 
Thus d, = —l = ca = 190mm Ans. 
31/4 1.316 
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6.17 A capillary viscometer measures the time required for a specified volume v of 
liquid to flow through a small-bore glass tube, as in Fig. P6.17. This transit time is then 
correlated with fluid viscosity. For the system shown, (a) derive an approximate formula 
for the time required, assuming laminar flow with no entrance and exit losses. (b) If L = 
12 cm, /=2 cm, v=8 cm? , and the fluid is water at 20°C, what capillary diameter D will 
result in a transit time ¢ of 6 seconds? 





Fig. P6.17 
Solution: (a) Assume no pressure drop and neglect velocity heads. The energy equation 
reduces to: 


2 2: 
pP fi tz =0+0+(L+) =% 2 HZ3 +h =0+0+0+h, or: hyp L+l 
pg 2g pg 2g 


128uL 
For laminar flow, hy = ae and, for uniform draining, Q = L 
PS 








At 


128uLv 


Solve for At=——~——— 
zpgd (L+1) 


Ans. (a) 


(b) Apply to At = 6 s. For water, take p= 998 kgm’? and u= 0.001 kg/m:s. Formula (a) predicts: 
x 128(0.001 kg/m-s)(0.12 m)(8E-6 m*) 
"(998 kg/im?)(9.81 m/s*)d*(0.12 +.0.02 m)’ 

Solve for d#=0.0015m Ans. (b) 





At = 





6.18 To determine the viscosity of a liquid of specific gravity 0.95, you fill, to a depth 
of 12 cm, a large container which drains through a 30-cm-long vertical tube attached to 
the bottom. The tube diameter is 2 mm, and the rate of draining is found to be 1.9 cm 3/s. 
What is your estimate of the fluid viscosity? Is the tube flow laminar? 





Fig. P6.18 


Solution: The known flow rate and diameter enable us to find the velocity in the tube: 





3 
_Q_ 19E-6 m/s -0.605 ”” 


A (zI4X(0.002 m? ` s 


Evaluate pliquid = 0.95(998) = 948 kg/m? . Write the energy equation between the top surface 


and the tube exit: 
Ve 2 
Paf — £ +Z =F + 4 04h,, 
2 g 2g 


V? 32uLV (0.605)  32u(0.3)(0.605) 
or: 0.42 + z= + 3 
2g pgd 2(9.81) 948(9.81)(0.002) 


Note that “L” in this expression is the tube length only (L = 30 cm). 








Solve for u = 0.00257 Kg (laminar flow) Ans. 
m-s 


pVd _ 948(0.605)(0.002) 


Re, = 
0.00257 


= 446 (laminar) 





6.19 An oil (SG = 0.9) issues fem the pipe in Fig. P6.19 at O = 35 ftò/h. What is the 
kinematic viscosity of the oil in f3/s? Is the flow laminar? 
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Solution: Apply steady-flow energy: 


02 v2 
Patm ets Zi — Patm + +2, +hy, 
2g 


pe 2g Pg 


10 ft 








i—— 0 
L=6ft 
D=}in 
Fig. P6.19 


whet = Q 35/3600 ft 


=—__,, ® 7.13 
m(0.25/12) s 
2 2 

V -10-0 - 


Solve hy =z, —Z, -—— 
2g 2(32.2) 


9.21 ft 


Assuming laminar pipe flow, use Eq. (6.12) to relate head loss to viscosity: 


128VLQ _ 128(6)(35/3600)v 
mgd* —_(32.2)(0.5/12)* ° 


Check Re = 4Q(rvd) = 4(35/3600) (3.76E-4)(0.5/12)] ~ 790 (OK, laminar) 


ft? 
solve v= Ps 3.76E-4 — Ans. 
p s 





h; =9.21 ft= 





P6.20 The oil tanks in Tinyland are only 160 cm high, and they discharge to the Tinyland oil 
truck through a smooth tube 4 mm in diameter and 55 cm long. The tube exit is open to the 
atmosphere and 145 cm below the tank surface. The fluid is medium fuel oil, p = 850 kg/m? and 


=0.11 kg/m-s. Estimate the oil flow rate in em*/h. 
Solution: The steady flow energy equation, with 1 at the tank surface and 2 the exit, gives 


2 2 2 
z= 2 Ee, ENE ope NASE : og ft Som vO) 
g g g 


š Re, 
Re, 0.004m 0.11 
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We have taken the energy correction factor æ = 2.0 for laminar pipe flow. 
Solve for V= 0.10 m/s, Reg = 3.1 (laminar), Q = 1.26E-6 m°/s = 4500 cm*/h. Ans. 


The exit jet energy &V°/2g is properly included but is very small (0.001 m). 





6.21 In Tinyland, houses are less than a 

foot high! The rainfall is laminar! The ae 
drainpipe in Fig. P6.21 is only 2 mm in 
diameter. (a) When the gutter is full, what 
is the rate of draining? (b) The gutter is 
designed for a sudden rainstorm of up to 
5 mm per hour. For this condition, what is 
the maximum roof area that can be drained 
successfully? (c) What is Red? 20 cm 






| Tinyland 
Governor's 
-| Mansion 


Solution: If the velocity at the gutter 
surface is neglected, the energy equation 
reduces to 


2 i 
iaki hp, where My ominar = cae Fig. P6.21 
2g pgd 


For water, take p = 998 kg/m? and u = 0.001 kg/m-s. (a) With Az known, this is a 
quadratic equation for the pipe velocity V: 
y? l 32(0.001 kg/m-s)(0.2 mV 


m= t 3 
2(9.81 m/s”) (998 kg/m3)(9.81 m/s*)(0.002 my 
or: 0.051V? +0.1634V -0.2=0, Solve for V =0.945 ™, 
S 





3 3 


Q= 7 (0.002 my (0.945 z) =2.97E6 Ž— =0.0107 “ Ans. (a) 
S S 


(b) The roof area needed for maximum rainfall is 0.0107 m?/h + 0.005 mh =2.14m?. Ans. (b) 
(c) The Reynolds number of the gutter is Red = (998)(0.945)(0.002)/(0.001) = 1890 
laminar. Ans. (c) 
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6.22 <A steady push on the piston in Fig. i‘ 22 causes a flow rate Q = 0.15 cm 3/s 
through the needle. The fluid has p = 900 kg/m? and u = 0.002 kg/(m-s). What force F is 
required to maintain the flow? 


D,=1 cm 





15 eal 3 cm | 


Fig. P6.22 
Solution: Determine the velocity of exit from the needle and then apply the steady-flow 
energy equation: 


Qe OIS 396 cans 
A (2/4)(0.025) 
v2 2 
Energy: tote =P tity, tha thy, with z,;=z,, V, ~0,hp 0 


Assume laminar flow for the head loss and compute the pressure difference on the piston: 


P2—Pi _»_, Vi _ 32(0.002)(0.015)(3.06) _ (3.06) 


fT at =5.79m 
pg 2g (900)(9.81)(0.00025) 2(9.81) 





Then F=ApA 


piston 


= (900)9.81)(5.79) 5 (0.0D? ~4.0N Ans. 





6.23 SAE 10 oil at 20°C flows in a vertical pipe of diameter 2.5 cm. fi is found that the 
pressure is constant throughout the fluid. What is the oil flow rate in m 3/h? Is the flow up 
or down? 


Solution: For SAE 10 oil, take p = 870 kg/m? and w= 0.104 kg/m-s. Write the energy 
equation between point | upstream and point 2 downstream: 
2 2 
Dig Wig Ba Nz +z, +hş, with p; =p, and V= V; 
pe 2g pe 2g 
Thus h, =z, —Z, >0 by definition. Therefore, flow is down. Ans. 


While flowing down, the pressure drop due to friction exactly balances the pressure rise 
due to gravity. 
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Assuming laminar flow and noting that Az = L, the pipe length, we get 








128uL 
ye k Q =Az=L, 
mpgd 
_ m(8.70)(9.81)(0.025)* TEA m FAA m? oe 
128(0.104) ' s h ` 





6.24 Two tanks of water at 20°C are connected by a capillary tube 4 mm in diameter 
and 3.5 m long. The surface y tank 1 is 30 cm higher than the surface of tank 2. 
(a) Estimate the flow rate in m 3/h. Is the flow laminar? (b) For what tube diameter will 
Red be 500? 

Solution: For water, take p = 998 kg/m? and u = 0.001 kg/m-s. (a) Both tank surfaces 
are at atmospheric pressure and have negligible velocity. The energy equation, when 
neglecting minor losses, reduces to: 





128uLQ 128(0.001 kg/m-s)(3.5 m)Q 
Az=0.3 m=hy = 4 7 3 2 4 
: mpgd (998 kg/m? )(9.81 m/s“ )(0.004 m) 
3 3 


Solve for Q=5.3E6 ”~=0.019 a Ans. (a) 
S 


Check Re, =4pO/(aud) = 4(998)(5.3E-6) (0.00 1)(0.004)] 
Re, =1675 laminar. Ans. (a) 

(b) If Red = 500 = 49Q/( zd) and Az = hf, we can solve for both Q and d: 
4(998 kg/m? )O 
7m(0.001 kg/m-s)d’ 
128(0.001 kg/m-s)(3.5 m)Q 
z(998 kg/m’ )(9.81 m/s? )d* 
Combine these two to solve for Q=1.05E-6 m/s and d=2.67mm Ans. (b) 


e4 = 500 = or Q=0.000394d 





hp =0.3m= Q = 206004* 





6.25 For the configuration shown in Fig. P6.25, the fluid 1 iş ethyl alcohol at 20°C, and 
the tanks are very wide. Find the flow rate that occurs, in m 3/h. Is the flow laminar? 


Solution: For ethanol, take p= 789 kg/m? and u= 0.0012 kg/m-s. Write the energy 
equation from upper free surface (1) to lower free surface (2): 
y. 





Fig. P6.25 


2 2 
Bi N g Po 4247, the, with p, =p, and V, = V, =0 
pg 2g pe 2g 
128uLQ  128(0.0012)(1.2 m)Q 
mpgd*  7(789)(9.81)(0.002)f 


Solve for Q*1.90E-6 m3/s = 0.00684 m?/h. Ans. 











Then hy =z,—z, =0.9m 


Check the Reynolds number Re = 49Q/(aud) = 795 — OK, laminar flow. 





P6.26 Two oil tanks are connected by 
two 9-m-long pipes, as in Fig. P6.26. 
Pipe | is 5 cm in diameter and is 6 m 
higher than pipe 2. It is found that the 


flow rate in pipe 2 is twice as large as 





the flow in pipe 1. (a) What is the diameter 


Fig. P6.26 
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of pipe 2? (b) Are both pipe flows laminar? 
(c) What is the flow rate in pipe 2 (m’/s)? 


Neglect minor losses. 


Solution: (a) If we know the flows are laminar, and (L, p, 4) are constant, then Q « D*: 


Qo _ 
1 


From Eq. (6.12), 7 2.0 = (224, hence D, = (Scm)(2.0)'4 = 5.95em Ans.(a) 


1 
We will check later in part (5) to be sure the flows are laminar. [Placing pipe 1 six meters 


higher was meant to be a confusing trick, since both pipes have exactly the same head loss 
and Az.] (c) Find the flow rate first and then backtrack to the Reynolds numbers. For SAE 
30W oil at 20°C (Table A.3), take p = 891 kg/m’ and w= 0.29 kg/m-s. From the energy 
equation, with V; = V2 = 0, and Eq. (6.12) for the laminar head loss, 





Az =22-15=7m= hy =, ee = OP enn : 
mpgD3 n(891kg/m>)(9.81m/ s*)(0.0595m) 
Solve for Q, = 0.0072m7/s Ans.(c) 


In a similar manner, insert Dı = 0.05m and compute Q; = 0.0036 m/s = (1/2)Qı. 


(b) Now go back and compute the Reynolds numbers: 


T O ONT Sa Ree O; 


Re; = = 
a muD, m(0.29)(0.050) muD, m(0.29)(0.0595) 


= 473 Ans.(b) 


Both flows are laminar, which verifies our flashy calculation in part (a). 
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6.27 Let us attack Prob. 6.25 in symbolic fashion, using Fig. P6.27. All parameters are 
constant except the upper tank depth Z(). Find an expression for the flow rate Q(t) as a 
function of Z(t). Set up a differential equation, and solve for the time 70 to drain the upper 
tank completely. Assume quasi-steady laminar flow. 


Solution: The energy equation of Prob. 6.25, using symbols only, is combined with a 
control-volume mass balance for the tank to give the basic differential equation for Z(t): 


oo 


Z(t) 





Fig. P6.27 


energy: hy = Ay =h+Z; mass balance: s| zoz + Zar =-Q= aey, 
pgd dt| 4 4 4 
2 
o: Zp? d2 =-Z@y, where V = PET +z) 
4 dt 4 32uL 
Separate the variables and integrate, combining all the constants into a single “C”: 
Z t 4 
Z 
din -cf dt, or: Z=(h+Z,)e“'—h, where C= ee 
Ze h+Z 7 32uLD 


Tank drains completely when Z = 0, at ty = mfi + Ze) Ans. 
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6.28 For straightening and smoothing an Thousands 
airflow in a 50-cm-diameter duct, the duct of straws 
is packed with a “honeycomb” of thin straws 
of length 30 cm and diameter 4 mm, as in 
Fig. P6.28. The inlet flow is air at 110 kPa 
and 20°C, moving at an average velocity of 
6 m/s. Estimate the pressure drop across 
the honeycomb. 


Solution: For air at 20°C, take w ~ 
1.8E-5 kg/m-s and p = 1.31 kg/m?. There 
would be approximately 12000 straws, but 
each one would see the average velocity of 
6 m/s. Thus 





32uLV _ 32(1.8E-5)(0.3)(6.0) 
a (0.004)? 


x65Pa Ans. 





AP taminar = 


Check Re = pVd/y= (1.31)(6.0)(0.004)/(1.8E-5) ~ 1750 OK, laminar flow. 





P6.29 SAE 30W oil at 20°C flows through a straight pipe 25 m long, with 
diameter 4 cm. The average velocity is 2 m/s. (a) Is the flow laminar? Calculate (b) the 
pressure drop; and (c) the power required. (d) If the pipe diameter is doubled, for the same 
average velocity, by what percent does the required power increase? 


Solution: For SAE 30W oil at 20°C, Table A.3, p = 891 kg/m’, and = 0.29 kg/m-s. (a) 
We have enough information to calculate the Reynolds number: 


PVD _ (891)(2.0)(0.04) 


Rep = 
2 0.29 


= 246 < 2300 Yes, laminar flow Ans.(a) 


(b, c) The pressure drop and power follow from the laminar formulas of Eq. (6.12): 
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© 32uLV _ 32(0.29)(25)(2.0) 
D? (0.04? 





Ap = 290,000 Pa Ans.(b) 


3 
0 ==p’v = 2(0.04)2(2.0) = 0.00251 %— 
4 4 s 
3 


Power = QAp = (0.00251 7°-)(290, 000 Pa) = 729W Ans.(c) 


(d) If D doubles to 8 cm and V remains the same at 2.0 m/s, the new pressure drop will be 
72,500 Pa, and the new flow rate will be Q = 0.01005 m/s, hence the new power will be 
P = QAp = _ (0.01005)(72,500) = 729 W Zero percent change! 


This is because D* cancels in the product P = QAp = 82uLV.  Ans.(d) 
NOTE: The flow is still laminar, Rep = 492. 





6.30 SAE 10 oil at 20°C flows through 

the 4-cm-diameter vertical pipe of (2) 
Fig. P6.30. For the mercury manometer 

reading h = 42 cm shown, (a) calculate the i 
volume flow rate in mĉ/hb, and (b) state the 3m 
direction of flow. 


SAE 10 oil 


42cm 


Solution: For SAE 10 oil, take p = a) 

870 kg/m? and yw = 0.104 kg/m-s. The 

pressure at the lower point (1) is Mercury 
considerably higher than p2 according to the Fig. P6.30 
manometer reading: 


Pi —P2 = (rig — Poi ZA = (13550 —870)(9.81)(0.42) = 52200 Pa 
Apl(p,412) = 52200[870(9.81)] = 6.12 m 


This is more than 3 m of oil, therefore it must include a friction loss: flow is up. Ans. (b) 
The energy equation between (1) and (2), with V1 = V2, gives 


PrT Po <7, -z, +hy, or 6.12m=3m+th,, or: iesim Mg 
pg mpgd 
= 4 3 3 
Compute Q= (6.12 -3)z(870)(9.81)(0.04)" _ 0.00536 19.3 Ans. (a) 
128(0.104)(3.0) s h 


Check Re = 4pQ/( mud) = 4(870)(0.00536)f 2(0.104)(0.04)] ~ 1430 (OK, laminar flow). 
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P6.31 A laminar flow element or LFE (Meriam Instrument Co.) measures low gas-flow rates 
with a bundle of capillary tubes packed inside a large outer tube. Consider oxygen at 20°C and 


1 atm flowing at 84 ft/min in a 4-in-diameter pipe. (a) Is the flow approaching the element 
turbulent? (b) If there are 1000 capillary tubes, L = 4 in, select a tube diameter to keep Reg 
below 1500 and also to keep the tube pressure drop no greater than 0.5 lbf/in”. (c) Do the tubes 
selected in part (b) fit nicely within the approach pipe? 


Solution: For oxygen at 20°C and 1 atm (Table A.4), take R = 260 m’/(s°K), hence P=p/RT= 
(101350Pa)/[260(293K)] = 1.33 kg/m? = 0.00258 slug/ft®. Also read = 2.0E-5 kg/m-s = 4.18E- 
7 slug/ft-s. Convert Q = 84 ft*/min = 1.4 ft*/s. Then the entry pipe Reynolds number is 


_ pVD _ 4p _— 4(0.00258slug/ fr*)(1.4 ft? /s) 


Rep 
u muD m(4.18E —7slug/ ft—s)(4/12 ft) 





33,000 (turbulent) Ans.(a) 


(b) To keep Reg below 1500 and keep the (laminar) pressure drop no more than 72 psf (0.5 psi), 


re, = 2 < 1500 and ip EE eae wii Ve 
4 d 


ft (21 4)d? 
Select values of d and iterate, or use EES. The upper limit on Reynolds number gives 


Re, = 1500 if d= 0.00734 fr = 0.088in ; Ap = 2.74 lbf/ fi? Ans.b) 


This is a satisfactory answer, since the pressure drop is no problem, quite small. One 
thousand of these tubes would have an area about one-half of the pipe area, so would fit 
nicely. Ans.(c) 


Increasing the tube diameter would lower Reg and have even smaller pressure drop. 
Example: d= 0.01 ft, Reg = 1100, Ap = 0.8 psf. These 0.01-ft-diameter tubes would just 
barely fit into the larger pipe. One disadvantage, however, is that these tubes are short: 
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the entrance length is longer than the tube length, and thus Ap will be larger than 
calculated by “fully-developed” formulas. 





6.32 SAE 30 oil at 20°C flows in the 3- Pp = 180 kPa 
cm-diameter pipe in Fig. P6.32, which 
slopes at 37°. For the pressure measure- 
ments shown, determine (a) whether the 
flow_is up or down and (b) the flow rate 
in m*/h. 


Solution: For SAE 30 oil, take p = 891 
kg/m? and u = 0.29 kg/m-s. Evaluate the 
hydraulic grade lines: 





Fig. P6.32 
EGE = P2 +z = UND ks Ge Hn Se  0-572m 
Pg 891(9.81) 891(9.81) 


Since HGL; > HGL; the flowisup Ans. (a) 
The head loss is the difference between hydraulic grade levels: 


128uLQ — 128(0.29)(25)Q 


h; =57.2-35.6=21.6 m= f ; 
mogd* — (891)(9.81)(0.03) 





Solve for Q=0.000518 m*/s ~ 1.86 m?/h Ans. (b) 


Finally, check Re =4Q/(ud) = 68 (OK, laminar flow). 





P6.33 Water at 20°C is pumped from a reservoir through a vertical tube 10 ft 
long and 1/16" inch in diameter. The pump provides a pressure rise of 11 1bf/in? to the 
flow. Neglect entrance losses. (a) Calculate the exit velocity. (b) Approximately how 
high will the exit water jet rise? (c) Verify that the flow is laminar. 
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Solution: For water at 20°C, Table A.3, p = 998 kg/m? = 1.94 slug/ft’, and = 0.001 
kg/m-s = 2.09E-5 slug/ft-s. The energy equation, with 1 at the bottom and 2 at the top of 
the tube, is: 








2 2 2 
Pisa. Mi 25 1144) + 04 oP a hes 04 2 419 
pg 2g 1.94(32.2) pg 2g ; 2g pgD 
2 2 
Sa Vexit 104 SOOO EO onaga ety 3.94 Vein 
2(32.2) (1.94)(32.2)(0.00521) 64.4 


(a, c) The velocity head is very small (<1 ft), so the dominant term is 3.94 Vexir. One can 
easily iterate, or simply use EES to find the result: 


_ pVD _ (1.94)(3.84)(0.00521) 
0.0000209 


V, 


exit 


= 3.84 Ë Ans.(a) ; Rep = 1860 laminar Ans.(c) 
sS 


(b) Assuming frictionless flow outside the tube, the jet would rise due to the velocity 
head: 


2 2 
i Nea 2) ADE TOY © 0.229 ft = 2.75 inches Ans.(b) 


2g 282.2 ftls?) 


rise 





6.34 Derive the time-averaged x-momentum equation (6.21) by direct substitution of 
Eqs. (6.19) into the momentum equation (6.14). It is convenient to write the convective 
acceleration as 

d Oo 

“= —(u’)+ 

dt ox 


L 
ôy 


which is valid because of the continuity relation, Eq. (6.14). 


(uv)+ < (uw) 
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Solution: Into the x-momentum eqn. substitute u = u + v’, v = v + v’, etc., to obtain 








oe + 2tu’+u”)4 2 (Vu+VvwW+vU+VvU’) (wa WR +w U+ wu) 





=-L +p) + pg +V T] 


Now take the time-average of the entire equation to obtain Eq. (6.21) of the text: 








du 0,7. 0 naaa 8 op ee 
+ u’ )+ wv’)+ ww’) |=-——+ +uv"(u) Ans. 
oa ot By | J+. | px tA 
P6.35 In the overlap layer of Fig. 6.9a, turbulent shear is large. If we neglect 


viscosity, we can replace Eq. (6.24) by the approximate velocity-gradient function 
du 
an fen( Y, Tw» p) 
dy 
Show that, by dimensional analysis, this leads to the logarithmic overlap relation (6.28). 


Solution: There are four variables, and we may list their dimensions in the (MLT) 


system: 
a z 
dy y w P 
{T71} {L} {ML'T~*} {ML*} 


These can be formed into a single pi group that is therefore equal to a dimensionless 


constant: 


= constat = C 





Il, = yt po yields T =” Ry 
dy dy Jr, 


Rearrange this into a differential equation and then integrate: 


x 


ae =C fae =C EE ; Integrate: u = C,v*lIn(y) + Cy Ans. 
dy Ve y y 
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We recognize the square-root term as the friction velocity v* from Eq. (6.25). If the 
constants are rearranged so that the logarithm has a dimensionless argument, we would 
obtain Eq. (6.28): 


* 
IWS 6 
v 





6.36 The following turbulent-flow velocity data u(y), for air at 75°F and 1 atm near a 
smooth flat wall, were taken in the University of Rhode Island wind tunnel: 


y, in: 0.025 0.035 0.047 0.055 0.065 
u, ft/s: 51.2 54.2 56.8 57.6 59.1 


Estimate (a) the wall shear stress and (b) the velocity u at y = 0.22 in. 


Solution: For air at 75°F and 1 atm, take p = 0.00230 slug/ft? and y= 3.80E-7 slug/ft-s. 
We fit each data point to the logarithmic-overlap law, Eq. (6.28): 


u_ 1, purty 1, [0.0023u%y 
x—In B% In +5.0, u*=/7,/ 
we u 0.41 | 3.80E-7 Pe ENER 





Enter each value of u and y from the data and estimate the friction velocity u*: 


y, in: 0.025 0.035 0.047 0.055 0.065 
u*, ft/s: 3.58 3.58 3.59 3.56 3.56 
yu*/v (approx): 45 63 85 99 117 


Each point gives a good estimate of u*, because each point is within the logarithmic layer 
in Fig. 6.10 of the text. The overall average friction velocity is 


už = 3.57 Tsim, T wave = PU? = (0.0023)(3.57)° ~ 0.0293 mr 


a z a me Ans. (a) 
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(b) Out at y = 0.22 inches, we may estimate that the log-law still holds: 


1 
0.41 


puty — 0.0023(3.57)(0.22/12) 
uo 3.80E-7 





= 396, usu In396)+5.0 
ft 

or: u#(3.57)(19.59) = 70 — Ans. (b) 
s 


Figure 6.10 shows that this point (y* ~ 396) seems also to be within the logarithmic layer. 





6.37 Two infinite plates a distance h apart are parallel to the xz plane with the upper 
plate moving at speed V, as in Fig. P6.37. There is a fluid of viscosity 4 and constant 
pressure between the plates. Neglecting gravity and assuming incompressible turbulent 
flow u(y) between the plates, use the logarithmic law and appropriate 

boundary conditions to derive a formula for dimensionless wall shear stress versus 
dimensionless plate velocity. Sketch a typical shape of the profile u(y). 


— y 


U 


= 
ee = A Fixed 


Fig. P6.37 


Solution: The shear stress between parallel plates is constant, so the centerline 
velocity must be exactly u = V/2 at y = h/2. Anti-symmetric log-laws form, one with 
increasing velocity for 0 < y < h/2, and a reverse mirror image for h/2 <y <h, as shown 
below: 


y/h 





-500 








-000 


0 0.2 0.4 0.6 0.8 1 
u/V 


The match-point at the center gives us a log-law estimate of the shear stress: 


Voi hu* 

—x—In| —]+B, «*041, Bæ 5.0, u*=(r,/p)? Ans. 

Bee (>) (t,/p) 

This is one form of “dimensionless shear stress.” The more normal form is friction 
coefficient versus Reynolds number. Calculations from the log-law fit a Power-law 
curve-fit expression in the range 2000 < Reh < 1E5: 


0.018 01 
Tw ae SES a OES Ans. 


ADV? (Vh Re 





f 





6.38 Suppose in Fig. P6.37 that h = 3 cm, the fluid is water at 20°C (p = 998 kg/m’, 4= 
0.001 kg/m-s), and the flow is turbulent, so that the logarithmic law is valid. If the 
shear stress in the fluid is 15 Pa, estimate V in m/s. 
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Solution: Just as in Prob. 6.37, apply the log-law at the center between the wall, that 
is, y = h/2, u = V/2. With tw known, we can evaluate u* immediately: 


* 
Ty _ fis a 123 ” V/2 > 1 m|” e) -B, 
998 u* K v 


V/2 In 0.123(0.03/2) 
0.123 0.41 0.001/998 








= 5.0=23.3, Solve for V = sn 5 Ans. 





6.39 By analogy with laminar shear, r = u du/dy. T. V. Boussinesq in 1877 
postulated that turbulent shear could also be related to the mean-velocity gradient mturb 
= & duldy, where € is called the eddy viscosity and is much larger than x. If the 
logarithmic-overlap law, Eq. (6.28), is valid with T% tw, show that £~ xpu*y. 


Solution: Differentiate the log-law, Eq. (6.28), to find du/dy, then introduce the eddy 
viscosity into the turbulent stress relation: 


* 
If Urals au +B, then Le i 
u* K v dy Ky 
; 2 du u* 
Then, if tz, =pu* =se—=e—, solvefor ¢=xpu*y Ans. 
dy ky 


Note that &/ u = Ky which is much larger than unity in the overlap region. 





6.40 Theodore von Karman in 1930 theorized that turbulent shear could be represented 
by Tturb = £ du/dy where £= pK 22 | du/dy | is called the mixing-length eddy viscosity and 
x 0.41 is Kármán’s dimensionless mixing-length constant [2,3]. Assuming that Tturb 
= tw near the wall, show that this expression can be integrated to yield the logarithmic- 
overlap law, Eq. (6.28). 


Solution: This is accomplished by straight substitution: 








di * 
Tomb ¥ Ty = pU? = p= prey di d solve for du = 
dy dy| |dy dy «y 
* 
Integrate: f du = — sy or: u= E ln(y)+ constant Ans. 
K? y? K 
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To convert this to the exact form of Eq. (6.28) requires fitting to experimental data. 





P6.41 Two reservoirs, which differ in surface elevation by 40 m, are connected by 350 m of 
new pipe of diameter 8 cm. If the desired flow rate is at least 130 N/s of water at 20°C, may 
the pipe material be (a) galvanized iron, (b) commercial steel, or (c) cast iron? Neglect minor 
losses. 


Solution: Applying the extended Bernoulli equation between reservoir surfaces yields 


LV? 350 y? 
Az = 40m = f = pE z 
D 2g 0.08m 2(9.81m/ s?) 





where f and V are related by the friction factor relation: 


Ag -200g E2 + zm where Rep = ae 


Vf Rep Rep Vf y 


When V is found, the weight flow rate is given by w = gQ where Q = AV = (nD?/4)V. 
For water at 20°C, take p = 998 kg/m? and u= 0.001 kg/m-s. Given the desired w = 130 N/s, 


solve this system of equations by EES to yield the allowed wall roughness. The results are: 
f=0.0257 ; V=2.64m/s; Rep=211,000; gmx = 0.000203 m = 0.203 mm 


Any less roughness is OK. From Table 6-1, the three pipe materials have 
(a) galvanized: ¢ =0.15 mm; (b) commercial steel: € = 0.046 mm ; cast iron: € = 0.26 mm 


Galvanized and steel are fine, but cast iron is too rough.. Ans. Actual flow rates are 


(a) galvanized: 135 N/s; (b) steel: 152 N/s; (c) cast iron: 126 N/s (not enough) 
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P6.42 Fluid flows steadily, at volume rate Q, through a large horizontal pipe and 
then divides into two small smooth pipes, the larger of which has an inside diameter of 25 
mm and carries three times the flow of the smaller pipe. Both small pipes have the same 
length and pressure drop. If all flows are turbulent, at Reg near 10°, estimate the diameter 
of the smaller pipe. 


Solution: For turbulent flow, the formulas are algebraically complicated, such as Eq. 
(6.38). However, in the low Reynolds number region, the Blasius power-law 
approximation, Eq. (6.39), applies, leading to a simple approximate formula for pressure 
drop, Eq. (6.41): 

Ap ~ 0.241L 0/4 pl!4 a-475 gh-75 


Since Ap, L, p, and u are the same for both pipes, it follows that 


1.75 4.75 i 4.75/1.75 _ 19/7 
Q x d >» Or: Qow turbulent % d =d 


Thus, Q, = const(d,)'?/” = 3Q, = 3(const)(d,)'?"", 
dı 25mm 


or: d) = z719 = 1.499 = 16.7 mm Ans. 


This is slightly smaller than the laminar-flow estimate of Prob. P6.29, where dọ ~ 19 mm. 











P6.43 A reservoir supplies water through 


w= 35m 
100 m of 30-cm-diameter cast iron pipe to a 
water 
turbine that extracts 80 hp from the flow. at 20°C 
2 = 5m 
The water then exhausts to the atmosphere. — — — 
Neglect minor losses. (a) Assuming that Fig. P6.43 


f ~ 0.019, find the flow rate (there is a cubic 
polynomial). Explain why there are two solutions. 


(b) For extra credit, solve for the flow rate using the actual friction factors. 
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Solution: For water at 20°C, take p = 998 kg/m? and u = 0.001 kg/m-s. The energy 


equation yields a relation between elevation, friction, and turbine power: 


2 2 
Pi PY , V2 

+ Z) = H tz + h t he 
Se a ee te 











2-22 =35—-5m = 30m = h whe = POWs a phy We O22 Dy. 
1 2 turb 7 $ ps0 ry D 2g > 4 9: 
hp)(745.7W Ih 7 
30m 80 PA IW D - [1+ (0.019) 22 2 
(9790 N / m (2 /4)(0.3m)* V5 0.3m 2(9.81m/ s?) 


Clean this up into a cubic polynomial: 


30 = “=: 0.373V? , or: V? — 803V + 231 = 0 


Three roots: V = 3.34m/s ; 6.8lm/s ; -10.15m/s 


The third (negative) root is meaningless. The other two are correct. Either 


Q 0.481 m?/s , Atubine = 12.7m , Ap = 17.3m 


Q 0.236 m/s , Atbine = 25.8m , hp= 4.2m Ansa) 


Both solutions are valid. The higher flow rate wastes a lot of water and creates 17 meters of 
friction loss. The lower rate uses 51% less water and has proportionately much less friction. 
(b) The actual friction factors are very close to the problem’s “Guess”. Thus we obtain 


Re = 2.04E6, f= 0.0191; Q = 0.479 m°/s , Atubine = 12.7m , hp = 17.3 m 


Re = 1.01E6, f= 0.0193; Q = 0.237 m*/s > Atrbine = 25.7m , he = 4.3m 
Ans.(b) 
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The same remarks apply: The lower flow rate is better, less friction, less water used. 





6.44 Mercury at 20°C flows through 4 meters of 7-mm-diameter glass tubing at an 
average velocity of 5 m/s. Estimate the head loss in meters and the pressure drop in 
kPa. 


Solution: For mercury at 20°C, take p = 13550 kg/m? and u = 0.00156 kg/m:s. 
Glass tubing is considered hydraulically “smooth,” ¢d = 0. Compute the Reynolds 
number: 


Vad — 13550(5)(0.00 
Re, = 2E ~ O00 L 304,000; Moody chart smooth: f = 0.0143 
u 0.00156 


2 2 
hy fee =00143( ae > 404m Ans. (a) 
d 2g 0.007  2(9.81) 


Ap = pgh, =(13550)(9.81)(10.4) =1,380,000 Pa =1380 kPa Ans. (b) 








6.45 Oil, SG = 0.88 and v = 4E-5 m?/s, flows at 400 gal/min through a 6-inch 
asphalted cast-iron pipe. The pipe is 0.5 miles long (2640 ft) and slopes upward at 8° 
in the flow direction. Compute the head loss in feet and the pressure change. 


Solution: First convert 400 gal/min = 0.891 ft/s and v = 0.000431 ft?/s. For 

asphalted cast-iron, € = 0.0004 ft, hence s/d = 0.0004/0.5 = 0.0008. Compute V, Red, 
and f: 

0.891 t 4.54(0.5 

= 2L maA fi Re, = (0.5) 

z(0.25) s 0.000431 


2640) (4.547 
0.5 / 2(32.2) 





=5271; calculate fijooa, = 0.0377 





2 
then hy Sofie y -=0.037( =63.8 ft Ans. (a) 

: d 2g 
If the pipe slopes upward at 8°, the pressure drop must balance both friction and 
gravity: 


bf 


Ap = pg(h; + Az) = 0.88(62.4)[63.8 +2640sin8°]=23700 = 


Ans. (b) 
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P6.46 Repeat Prob. P3.5, for the same data, by using the more exact turbulent 
flow formulas to compute the volume flow rate in gallons per minute. Recall the 
problem: Water at 20°C flows through a 5-inch-diameter smooth pipe at a centerline 
velocity of 25 ft/s. Estimate the volume flow rate in gallons per minute. 


Solution: For water at 20°C, Table A.3, p = 998 kg/m? = 1.94 slug/ft, and u= 0.001 

kg/m-s = 2.09E-5 slug/ft-s. A bit of iteration, or EES, is needed to get the proper 

Reynolds number and friction factor. Our estimate in Prob. P3.5 was Vay ~ 21 ft/s, 

whence the Reynolds number is 

— pVD — (1.94slug/ fr (21 ft/ s\(5/12 ft) 
u 2.09E -5slug / ft- s 

Then estimate fsmoorh ~ 0.0121 from Eq.(6.48) 


Eq. (6.43) : Vp, = Umax (1+1.3 S fY" = (25 ft / sX(0.875) ~ 21.9 fils 


Rep = 812,000 





Iterate once to obtain fgmooth = 0.0120, Vay = 21.89 ft/s, hardly any change at all. 
fe 
s 





x74882 x60 
fe min min 


Q= VayA 


75o i 
pipe = 21.89,ft/ s)a(F— fi)” = 2.98 


This is about 4.6% greater than our simple power-law estimate in Prob. P3.5. 


= 1349 8! Ans. 





6.47 The gutter and smooth drainpipe in Fig. P6.47 remove rainwater from the roof of a 
building. The smooth drainpipe is 7 cm in diameter. (a) When the gutter is full, estimate 
the rate of draining. (b) The gutter is designed for a sudden rainstorm of up to 5 inches 
per hour. For this condition, what is the maximum roof area that can be drained 
successfully? 
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Solution: If the velocity at the gutter surface is neglected, the energy equation reduces to 





Fig. P6.47 


y? LV? 
Az=—+h,, hp=f=— 
2g > : d 2g 





solve V2 22842. _29-8104.2) 


~ 1+ fLid 1+ f(4.2/0.07) 


For water, take p = 998 kg/m? and u= 0.001 kg/m-s. Guess f ~ 0.02 to obtain the velocity 
estimate V ~ 6 m/s above. Then Red ~ pVd/u ~ (998)(6)(0.07)/(0.001) = 428,000 
(turbulent). Then, for a smooth pipe, f~ 0.0135, and V is changed slightly to 6.74 m/s. 
After convergence, we obtain 


V =6.77 m/s, O=V(z/4)(0.07) = 0.026 m?/s Ans. (a) 


A rainfall of 5 in/h = (5/12 ft/h)(0.3048 m/ft)/(3600 s/h) = 0.0000353 m/s. The required 
roof area is 


Aivot = Orrain Vain = (0.026 m*/s)/0.0000353 m/s ~ 740m? Ans. (b) 





6.48 Show that if Eq. (6.33) is accurate, the position in a turbulent pipe flow where 


local velocity u equals average velocity V occurs exactly at r = 0.777R, independent of 
the Reynolds number. 


Solution: Simply find the log-law position y* where u* exactly equals V/u*: 


* * 
veur| Linke -B elin eB igs e 
K v 2K K v K 





Since y= R-r, this is equivalent to z =1-e”° =1—0.223 x 0.777 Ans. 





6.49 The tank-pipe system of Fig. P6.49 is to deliver at least 11 m>/h of water at 20°C to 
the reservoir. What is the maximum roughness height ¢ allowable for the pipe? 


Solution: For water at 20°C, take p = 998 kg/m? and z= 0.001 kg/m-s. Evaluate V and 
Re for the expected flow rate: 











Fig. P6.49 
_Q__ 11/3600 -=432 i, Rez pPVd _ 998(4.32)(0.03) _ 129000 
A  (7/4)\(0.03) s u 0.001 
The energy equation yields the value of the head loss: 
2 2 2 
Pam 4 Vig, = Pam V2 47, the or hp=4- (4-32) =3.05 m 
pg 2g pg 2g 2(9.81) 
2 2 
Butalso hy = Ey, or: 3.05= Te Uar. solve for f ~ 0.0192 
d 2g 0.037 2(9.81) 


With f and Re known, we can find ¢/d from the Moody chart or from Eq. (6.48): 


—| ___~_7.010g,)) 24+?" __|, solve for £ = 0.000394 
(0.0192) 3.7" 129000(0.0192) d 


Then < = 0.000394(0.03) ~ 1.2E-5 m ~ 0.012 mm (pretty smooth) Ans. 





6.50 Ethanol at 20°C flows at 125 U.S. gal/min through a horizontal cast-iron pipe with 
L=12mandd=5 cm. Neglecting entrance effects, estimate (a) the pressure gradient, dp/dx; 
(b) the wall shear stress, rw; and (c) the percent reduction in friction factor if the pipe 
walls are polished to a smooth surface. 
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Solution: For ethanol (Table A-3) take p = 789 kg/m? and w= 0.0012 kg/m-s. Convert 
125 gal/min to 0.00789 m3/s. Evaluate V = Q/A = 0.00789/[2(0.05)7/4] = 4.02 m/s. 


Vd _ 789(4.02)(0. 
Re, = 2 OO) 3000 E- 22CM L 00052 Then fipa = 0.0314 
u 0.0012 d 50mm i 
0.0314 
(b) 7, = for = 4 (789)(4.02)° =50Pa Ans. (b) 


(a) ap __ Aw _ 469) __ goog P82 Ans. (a) 
dx d 0.05 m 


(c) Re=132000, finoom = 9-0170, hence the reduction in f is 


[1 ~ 90170) =46% Ans. (c) 
0.0314 





6.51 The viscous sublayer (Fig. 6.10) is normally less than 1 percent of the pipe 
diameter and therefore very difficult to probe with a finite-sized instrument. In an effort 
to generate a thick sublayer for probing, Pennsylvania State University in 1964 built a 
pipe with a flow of glycerin. Assume a smooth 12-in-diameter pipe with V = 60 ft/s and 
glycerin at 20°C. Compute the sublayer thickness in inches and the pumping horsepower 
required at 75 percent efficiency if L = 40 ft. 


Solution: For glycerin at 20°C, take p= 2.44 slug/ft? and u= 0.0311 slug/ft-s. Then 


Vd 2.44(60 
pesid- sit =4710 (barely turbulent!) Smooth: fyysoay = 0.0380 
u 





z 4.13 = 


Then u* = V(f)!? = 6o( 
S 


a u2 ft 


The sublayer thickness is defined by y* ~ 5.0 = pyu*/y. Thus 


Su _ 50.0311) 
pu* (2.44)(4.13) 


Ysublayer ~ =0.0154 ft ~0.185inches Ans. 


With f known, the head loss and the power required can be computed: 
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2 2 
n =E = 0.0380) 2 O x85 f 
d 2g 1 )2(32.2) 





p = PeQhs _ pag 24ns2.2)| £0 (60) jes) =419000+550~760hp Ans. 
n ; 





6.52 The pipe flow in Fig. P6.52 is driven 30 
by pressurized air in the tank. What gage Smooth pipe =] | o 
pressure pl is needed to provide a 20°C d=5cm 


— 












3 Open jet 

water flow rate O = 60 m°/h? 

Solution: For water at 20°C, take p = som 

998 kg/m? and u = 0.001 kg/m-s. Get V, 

Re, f: i ae 

_ 60/3600 -o m, ne 
(a/4\(0.05Y s? Fig. P6.52 
8(8.49)(0.05 
Re= 22808:4300) = 424000;  finooth ¥ 0.0136 
0.001 . 
Write the energy equation between points (1) (the tank) and (2) (the open jet): 
2 v2 2 
PO yg = Oo 4 PL 804h,, where hp =f and Vie =8.49 ™ 
pg 2g pg 2g d 2g s 
8.49)? 170 
Solve p, =(998)(9.81) 80-10 + £ 2) 1+0.0136{ 7) 
2(9.81) 0.05 
~2.38E6 Pa Ans. 
[This is a gage pressure (relative to the pressure surrounding the open jet.)] 
P6.53 Water at 20°C flows by gravity through a smooth pipe from one reservoir 


to a lower one. The elevation difference is 60 m. The pipe is 360 m long, with a diameter 
of 12 cm. Calculate the expected flow rate in m*/h. Neglect minor losses. 


Solution: For water at 20°C, Table A.3, 9 = 998 kg/m? and = 0.001 kg/m-s. With no 
minor losses, the gravity head matches the Moody friction loss in the pipe: 
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LV? á 
Az = 60m = hy = f = fem Y 20.2 s oy 
D 2g 0.12m 2(9.81m/s°) 4 


R : 
where iw 2.0108; 24%) , Re, = LLB = 98)V00.12) 
Vf 2.51 u 0.001 


The unknown is V, since f can be found as soon as the Reynolds number is known. You could 
iterate your way to the answer by, say, guessing f = 0.02, getting V, repeating. Or you could 
put the above four equations into EES, which will promptly return the correct answer: 


3 3 
V =5.61~ ; Rep = 672,000 ; f =0.0125; O = 0.0634 = 2287- Ans. 
S S 





6.54* A swimming pool W by Y by h deep is to be emptied by gravity through the long 
pipe shown in Fig. P6.54. Assuming an average pipe friction factor fav and neglecting 
minor losses, derive a formula for the time to empty the tank from an initial level ho. 





Fig. P6.54 


Solution: With no driving pressure and negligible tank surface velocity, the energy 
equation can be combined with a control-volume mass conservation: 


2 2 
h(t) = = + fay Z £. > Or: Qout = A pipe = D? aeh =-WY a 
g "D2 4 \1+f,,L/D dt 





2 


We can separate the variables and integrate for time to drain: 


T =E fa- wÍ a wy (0-2Jh, 
40 V1+f,L/D 5 ; vh í 


lo 





4wy [2h,(1+f,,L/D) 


5 Ans. 
xD g 





Clean this up to obtain: tirain ™ 
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6.55 The reservoirs in Fig. P6.55 contain 
water at 20°C. If the pipe is smooth with L = 
4500 m and d = 4 cm, what will the flow 
rate in m°/h be for Az = 100 m? 


Solution: For water at 20°C, take p = 
998 kg/m? and z= 0.001 kg/m-s. The energy 
equation from surface | to surface 2 gives 





Fig. P6.55 


Pi} =P, and V =V, 
thus h; =z; -z =100 m 
4500 


Then 100 m = (4%) 
0.04 


y2 
2(9.81)’ 





or fV? =0.01744 


Iterate with an initial guess of f ~ 0.02, calculating V and Re and improving the guess: 








0.01744)" 998(0.934)(0.04 
Ve ( 7 ) #0.934 Č, Rex 2280234000: 37300, fnoon = 0.0224 
0.02 s 0.001 : 
1/2 
0.01744 m 
Voetter -e 0.0004 ) = 0.883 ao Repetter ¥ 35300, — fhetter ~ 0.0226, etc...... 


Alternately, one could, of course, use EES. The above process converges to 


f =0.0227, Re =35000, V =0.877 m/s, Q ~ 0.0011 m°?/s ~ 4.0 m?/h. Ans. 





P6.56 The Alaska Pipeline in the chapter-opener photo has a design flow rate of 
4.4E7 gallons per day of crude oil at 60°C (see Fig. A.1). (a) Assuming a galvanized-iron 
wall, estimate the total pressure drop required for the 800-mile trip. (b) If there are nine 
equally spaced pumps, estimate the horsepower each pump must deliver. 


Solution: From Fig. A.1 for crude oil at 60°C, p = 860 kg/m? and ss = 0.004 kg/m-s. The 
pipe diameter is 4 ft. For galvanized iron, ¢= 0.0005 ft, hence ¢/D = 0.0005/4 = 
0.000125. Convert the data to metric: 4.4E7 gal/day = 1.93 m*/s, and D = 4 ft = 1.22 m. 
Calculate Reynolds number: 


3 
_Q__193m*is 65; Rep= pVD _ (860)(1.65)(1.22) 
A (#/4)(0.22m)* s u 0.004 


Calculate the friction factor from Eq. (6.48): 





= 433,000 
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0.000125 2.51 


=— 2.0 log;g(——— + ————) 
"3.7 433000,/f 


os Calculate f ~ 0.0149 
Vf 
(a) The total 800-mile pressure drop is given by the usual Darcy-Moody expression, Eq. (6.10): 


(800)(5280)_ 860 


_ pb eye 00)(5280) 8604 65)2 = = 2680 psi 
Ap = T y (0.0149)[ afi ]( 5 \(1.65) 1.85E7 Pa = 2680 psi Ans.(a) 


(b) The power delivered by each of the 9 pumps is 


3 
= (1.93 ee Pa) _ 396,000W +746 = 5300 hp —_Ans.(b) 


S 





Power = oro! 





6.57 Apply the analysis of Prob. 6.54 to the following data. Let W = 5 m, Y = 8 m, ho = 
2m, L= 15 m, D = 5 cm, and £= 0. (a) By letting h = 1.5 m and 0.5 m as representative 
depths, estimate the average friction factor. Then (b) estimate the time to drain the pool. 


Solution: For water, take p = 998 kg/m? and “= 0.001 kg/m-s. The velocity in Prob. 6.54 
is calculated from the energy equation: 


ja) e AA eRe) „pe and Rep = 2P, LID=300 
1+ fL/D i u 


(a) With a bit of iteration for the Moody chart, we obtain ReD = 108,000 and f = 
0.0177 at h = 1.5 m, and ReD = 59,000 and f= .0202 at h = 0.5 m; thus the average 
value fav = 0.019. Ans. (a) 

The drain formula from Prob. 6.54 then predicts: 


HWY [2h fvbID) _ 4(5)(8)_ 2Q[T+0.019G00)] 
dan zp? g ~ 0.057 \ 9.81 


=33700 s=9.4h Ans. (b) 











P6.58 For the system in Prob. P6.53, a pump is used at night to drive water back 
to the upper reservoir. If the pump delivers 15,000 W to the water, estimate the flow rate. 
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Solution: For water at 20°C, Table A.3, p = 998 kg/m? and u= 0.001 kg/m-s. Since the 
pressures and velocities cancel, the energy equation becomes 


360m V? 
0.12m 2(9.81) 


A gaien Rep VF | Rey = PVD = 998V0.12) 9 _y tp 
F 2.51 u 0.001 4 


Power = p8h, = (998)(9.81)Q h, = 15,000 W 





Ziower = Zupper + Mp — Apump » OF? hyp = Az + hp = 60m + f 


where 





The unknown is V, since f can be found as soon as the Reynolds number is known. You 
could iterate your way to the answer by, say, guessing f= 0.02, getting V (from a cubic 
equation!), and repeating. Or put the above five equations into EES, which returns the 
only positive answer: 


3 
Rep = 235,000 ; f = 0.0152 ; V = 1.97 m/s ; Q = 0.0222m/s = 89 7 Ans. 





6.59 The following data were obtained for flow of 20°C water at 20 m?/hr through a badly 
corroded 5-cm-diameter pipe which slopes downward at an angle of 8°: p1 = 420 kPa, 

= 12 m, p2 = 250 kPa, z2 = 3 m. Estimate (a) the roughness ratio of the pipe; and (b) 
the percent change in head loss if the pipe were smooth and the flow rate the same. 


Solution: The pipe length is given indirectly as L = Az/sin@ = (9 m)/sin8° = 64.7 m. 
The steady flow energy equation then gives the head loss: 


2 2 
420000 250000 
PY ra= Pgh +Z, +h;, or: +12 = +3+hy, 
pgs Rg ps WW i 9790 9790 


Solve hy, =26.4m 








Now relate the head loss to the Moody friction factor: 


2 2 
h, =264- gEV pT CBS 
d2g ” 0.05 2(9.81) 





lve f =0.050, Re =141000, Read = ~0.0211 


The estimated (and uncertain) pipe roughness is thus £= 0.0211d ~ 1.06 mm Ans. (a) 
(b) At the same Red = 141000, fsmooth = 0.0168, or 66% less head loss. Ans. (b) 
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P6.60 In the spirit of Haaland’s explicit pipe friction factor approximation, Eq. (6.49), Jeppson 


[20] proposed the following explicit formula: 


1 
— ~ ~20log19( 


Vf 


eld 5.74 
EN =) 
3.7 Re? 


(a) Is this identical to Haaland’s formula and just a simple rearrangement? Explain. 


(b) Compare Jeppson to Haaland for a few representative values of (turbulent) Reg and 


é/d and their deviations compared to the Colebrook formula (6.48). 


Solution: (a) No, it /ooks like a rearrangement of Haaland’s formula, but it is not. 
Haaland started with Colebrook’s smooth-wall formula and added just enough ¢d effect 
for accuracy. Jeppson started with the rough-wall formula and added just enough Rey 
effect for accuracy. Both are excellent approximations over the full (turbulent) range of 
Re, and s/d. Their predicted values of f are nearly the same and very close to the implicit 
Colebrook formula. Here is a table of their standard deviations of their values when 
subtracted from Colebrook: 





1E4 < Red < 1e8 eld = 0.03 0.01 0.001 0.0001 0.00001 





Jeppson rms error 0.000398 0.000328 0.000195 0.000067 0.000088 








Haaland rms error 0.000034 0.000043 0.000129 | 0.000113 0.000083 























As expected, Jeppson is slightly better for smooth walls, Haaland for rough walls. Both 


are within +2% of the Colebrook formula over the entire range of Rey and é/d. 
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6.61 What level A must be maintained in Fig. P6.61 to deliver a flow rate of 0.015 ft/s 
through the }-in commercial-steel pipe? 





Fig. P6.61 


Solution: For water at 20°C, take p = 1.94 slug/ft? and u = 2.09E-5 slug/ft-s. For 
commercial steel, take ¢ = 0.00015 ft, or ed = 0.00015/(0.5/12) = 0.0036. Compute 


Q 005 fe, 
A (40.512 O s? 
pes ANd L LAUILOOMD AiO) Hide 0.0036, f\oody ¥ 0.0301 


u 2.09E-5 


The energy equation, with p1 = p2 and V1 ~ 0, yields an expression for surface elevation: 


2 2 2 
h=h;+ NaN (r) E2 1 +0030 oO [zns Ans. 





2g 2g d) 2(32.2) 0.5/12 





6.62 Water at 20°C is to be pumped 
through 2000 ft of pipe from reservoir 1 to 
2 at a rate of 3 ft/s, as shown in Fig. 
P6.62. If the pipe is cast iron of diameter 6 
in and the pump is 75 percent efficient, 
what horsepower pump is needed? 





Solution: For water at 20°C, take p = 


1.94 slug/ft? and u= 2.09E-5 slug/ft-s. For O Pump 
cast iron, take e = 0.00085 ft, or ed = 
0.00085/(6/12) = 0.0017. Compute V, Re, Fig. P6.62 
and f: 

Q 3 ft 


A (@A6l2ye SS 
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Re = OVE _ 1.94(15.3)(6/12) 


~ 709000 ed=0.0017, fy 
u 2.09E-5 


= 0.0227 


oody 


The energy equation, with p1 = p2 and V1 ~ V2 = 0, yields an expression for pump head: 


2 
h sag ee UN =120 ft+0.0227 
d 2g 





=120+330 = 450 ft 


pump 


2000 ) (15.3)° 
6/12 }2(32.2) 


peQh, — 1.94(32.2)(3.0)(450) 
n 0.75 





Power: P= =112200+550~204hp Ans. 





6.63 A tank contains 1 m? of water at 20°C and has a drawn-capillary outlet tube at the 
bottom, as in Fig. P6.63. Find the outlet volume flux Q in m?/h at this instant. 


Solution: For water at 20°C, take p = 998 kg/m? and w= 0.001 kg/m-s. For drawn 
tubing, take ¢ ~ 0.0015 mm, or &d = 0.0015/40 = 0.0000375. The steady-flow energy 
equation, with p1 = p2 and V1 ~ 0, gives 











2 2 X 
pepo Sige © , OF: y ( 0:8 f]~18m vèz 2o 
d 2g 2g 2g\ 0.04 1+20f 
1/2 
Guess f=0.015, | a | z521 ®, pe= 228620004 208000 
1+ 20(0.015) s 0.001 


foeter © 0.0158,  Vpetter ¥ 5-18 m/s, Re ~ 207000 (converged) 
Thus V~5.18 m/s, Q=(74)(0.04)°(5.18) =0.00651 m7/s ~ 23.4m°/h. Ans. 





478 Solutions Manual e Fluid Mechanics, Seventh Edition 


6.64 Repeat Prob. 6.63 to find the flow rate if the fluid is SAE 10 oil. Is the flow 
laminar or turbulent? 


Solution: For SAE 10 oil at 20°C, take p = 870 kg/m? and u= 0.104 kg/m-s. For drawn 
tubing, take ¢ = 0.0015 mm, or é/d = 0.0015/40 ~ 0.0000375. Guess laminar flow: 








VP 232WLV o pg- V -32010008V o] 
2g pgd ° ` ` 2(9.81) 870(9.81)(0.04)" 
Quadratic equation: V? +3.83V—35.32=0, solve V=4.33m/s 


Check Re =(870)(4.33)(0.04)(0.104) ~ 1450 (OK, laminar) 
So it is laminar flow, and Q = (77/4)(0.04)*(4.33) = 0.00544 m7/s = 19.6 m7/h. Ans. 


h; =1.8 m 95V 





6.65 In Prob. 6.63 the initial flow is turbulent. As the water drains out of the tank, will 
the flow revert to laminar motion as the tank becomes nearly empty? If so, at what tank 
depth? Estimate the time, in h, to drain the tank completely. 

Solution: Recall that p = 998 kg/m}, i= 0.001 kg/m-s, and ed ~ 0.0000375. Let Z be 
the depth of water in the tank (Z = 1 m in Fig. P6.63). When Z = 0, find the flow rate: 


2(9.81)(0.8) 


Z=0,h;=0.8m, V? = 
1+20f 


converges to f= 0.0171, Re =136000 


V=3.42 m/s, Q~12.2 m*/h(Z=0) 


So even when the tank is empty, the flow is still turbulent. Ans. 





y ; d d dZ 
The time to drain the tank is =-Q= A... Z)=(1 m? =-Q, 
dt (rank) Q ae tank ) ( m ) dt Q 


0m 
or tdrain = -Í a = (4) a m) 
Im Q Q avg 
So all we need is the average value of (1/Q) during the draining period. We know Q at Z = 0 
and Z = 1 m, let’s check it also at Z = 0.5 m: Calculate Qmidway ~ 19.8 m°/h. Then 
estimate, by Simpson’s Rule, 


1 


1 
lwe* = l 4 l |x0.0544 a tamain = 0.0544 h = 3.3 min Ans. 
Q's 6123.4 19.8 12.2 m? 
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6.66 Ethyl alcohol at 20°C flows through a 10-cm horizontal drawn tube 100 m long. 
The fully developed wall shear stress is 14 Pa. Estimate (a) the pressure drop, (b) the 
volume flow rate, and (c) the velocity u at r= 1 cm. 


Solution: For ethyl alcohol at 20°C, p = 789 kg/m’, u= 0.0012 kg/m-s. For drawn tubing, 
take £% 0.0015 mm, or £/d = 0.0015/100 ~ 0.000015. From Eq. (6.12), 


Ap =4r,, r-a) 56000 Pa Ans. (a) 


The wall shear is directly related to f, and we may iterate to find V and Q: 


Tas i V’, or: fV’ = 804) 0.142 with Ê=0.000015 
8 789 a 
1/2 
Guess f ~ 0.015, V= OIA iig = Re = OECD < 202000 
0.015 s 0.0012 


foeter = 0.0158,  Vpetter =% 3.00 m/s, ReEpetter % 197000 (converged) 


Then V ~ 3.00 m/s, and Q = (7/4)(0.1)?(3.00) = 0.0236 m?/s = 85 m3/h. Ans. (b) 


6 9? 


Finally, the log-law Eq. (6.28) can estimate the velocity at r= 1 cm, “y” =R-r=4 cm: 


1/2 
u=(2) a =0.133 >; 
pP 789. s 


* 
MF iy] Pee a OOO) | 592940 
ue « | u 0.41 0.0012 


Then u#24.9(0.133)+3.3 m/s at r=lcm. Ans. (c) 








6.67 A straight 10-cm commercial-steel pipe is 1 km long and is laid on a constant slope 
of 5°. Water at 20°C flows downward, due to gravity only. Estimate the flow rate in 
m>/h. What happens if the pipe length is 2 km? 


Solution: For water at 20°C, take p = 998 kg/m? and u = 0.001 kg/m-s. If the flow is 
due to gravity only, then the head loss exactly balances the elevation change: 
LW 2 : 
h; = Az = Lsinĝ = Fang or fV~ =2gdsin @=2(9.81)(0.1)sin5° = 0.171 
g 
Thus the flow rate is independent of the pipe length L if laid on a constant slope. Ans. 
For commercial steel, take ¢ = 0.046 mm, or é/d ~ 0.00046. 
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Begin by guessing fully-rough flow for the friction factor, and iterate V and Re and f: 
0.171 _ 998(3.23)(0.1) 
0.0164 0.001 

foeter = 0.0179,  Voetter ¥ 3-09 m/s, Re ~ 308000 (converged) 
Then Q= (7/4)(0.1) (3.09) ~ 0.0243 m*/s*87m°/h. Ans. 





/2 
f = 0.0164, val ) 2303", Rex = 322000 
S 





*6.68 The Moody chart, Fig. 6.13, is best for finding head loss (or Ap) when Q, V, d, 
and L are known. It is awkward for the “2nd” type of problem, finding Q when hf or Ap 
are known (see Ex. 6.9). Prepare a modified Moody chart whose abscissa is independent 
of Q and V, using é/d as a parameter, from which one can immediately read the ordinate 
to find (dimensionless) Q or V. Use your chart to solve Example 6.9. 


Solution: This problem was mentioned analytically in the text as Eq. (6.51). The 
proper parameter which contains head loss only, and not flow rate, is ¢: 





gdh, id (sld zE 
=? Re, =-(8¢)"" log ee Eq. (6.51 


We simply plot Reynolds number versus ¢ for various é/d, as shown below: 




















1.E+08 

1.E+07 

1.E+06 == ed=0 
e/d=0.001 

1.6405 — - - — e/d=0.003 

Re 

1.E+04 eld=0.01 
e/d=0.03 

teste ~--—¢/d=0.05 

1.E+02 

1.E+01 





1.E+03 1.E+05 1.E+07 1.E+09 1.E+11 1.E+13 
Ç= gdĉhf/(L nu?) 


To solve Example 6.9, a 100-m-long, 30-cm-diameter pipe with a head loss of 8 m and ad = 
0.0002, we use that data to compute ¢= 5.3E7. The oil properties are p = 950 kg/m? and v= 
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2E-5 m/s. Enter the chart above: let’s face it, the scale is very hard to read, but we estimate, 
at ¢= 5.3E7, that 6E4 < Red < a which translates to a flow rate of 
0.28 <Q < 0.42 m 3/s. Ans. (Example 6.9 gave Q = 0.342 m/s. ) 





6.69 For Prob. 6.62 suppose the only pump available gan deliver only 80 hp to the fluid. 
What is the proper pipe size in inches to maintain the 3 ft/s flow rate? 


Solution: For water at 20°C, take p = 1.94 slug/ft® and “= 2.09E-5 slug/ft-s. For cast 
iron, take ¢~ 0.00085 ft. We can’t specify a'd because we don’t know d. The energy analysis 
above is correct and should be modified to replace V by Q: 





22 272 
fear OED yg OORO NA T yya 
d 2g d  —-2(32.2) d’ 
Butalso h,= Power = S030) coaza = or: dî = 3.94f 





peQ  62.4(3.0) 


Guess f ~ 0.02, calculate d, s/d and Re and get a better fand iterate: 
£~0.020, d=[3.94(0.02)}!5 ~ 0.602 f, Re=-PR___40.94)G.0)_ 
mud  7(2.09E-5)(0.602) 


or Rex 589000, - = — = 0.00141, Moody chart: foeter ¥ 0.0218 (repeat) 


We are nearly converged. The final solution is f ~ 0.0217, d= 0.612 ft 7.3 in Ans. 








P6.70 Ethylene glycol at 20°C flows through 80 meters of cast iron pipe of 
diameter 6 cm. The measured pressure drop is 250 kPa. Neglect minor losses. Using a 
non-iterative formulation, estimate the flow rate in m°/h. 


Solution: For ethylene glycol at 20°C, Table A.3, p= 1117 kg/m? and u = 0.0214 kg/m- 
s. The head loss is given: Ap/pg= 250,000/[1117(9.81)] = 22.8 m. For cast iron, £= 
0.26 mm, hence the roughness ratio is ¢/d = 0.26/60 = 0.00433. We can use the direct 
approach of Eq. (6.51): 
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3 
eld 1.775 gd hs  9.81(0.06)° (22.8) 
Re, = —/8¢ log( H ),o= s= = 
4 Lv?  80(0.0214/1117)? 


3.7 JE 


Evaluate: Rey = —,/8(1.65E6) log S043 + mee = 9410 (yes, turbulent) 


3 V1.65E6 


1.65E6 








With the Reynolds number known, we can find the velocity and flow rate: 





3 3 
y = #Pea _ (0.02190410) 3 00” ; Q = Z (0.06)? (3.00) = 0.0085 = 30.6” Ans. 
pd 1117(0.06) 5 4 2 h 





6.71 Itis desired to solve Prob. 6.62 for the most economical pump and cast-iron pipe 
system. If the pump costs $125 per horsepower delivered to the fluid and the pipe costs 
$7000 per inch of diameter, what are the minimum cost and the pipe and pump size to 
maintain the 3 ft?/s flow rate? Make some simplifying assumptions. 


Solution: For water at 20°C, take p = 1.94 slug/ft? and w= 2.09E-5 slug/ft-s. For cast 
iron, take ¢~ 0.00085 ft. Write the energy equation (from Prob. 6.62) in terms of Q and d: 





272 
Po _ pQ E 62.4(3.0) eins o{ 2000) [4(3.0)/d*] = 40.844 154.2f 
P 550 550 d 2(32.2) d’ 





Cost = $125P,,, + $7000d inches = 125(40.84 + 154.2f/d°)+ 7000(12d), with d in ft. 


Clean up: Cost ~ $5105+19278f/d> +84000d 








Regardless of the (unknown) value of f, this Cost relation does show a minimum. If we assume 
for simplicity that fis constant, we may use the differential calculus: 

d(Cost) | _ —5(19278)f 
d(d) fæconst d6 





+84000, or dyes = (1.148 f)" 


Guess f ~ 0.02, d=[1.148(0.02)]" = 0.533 ft, Re= aoe = 665000, ‘i = 0.00159 
Tpl 


Then fyetter ~ 0.0224, better ¥ 0.543 ft (converged) 
Result: dbest ~ 0.543 ft~6.5in, Costmin ~ $14300pump + $45600pipe ~ $60,000. Ans. 
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6.72 Modify Prob. P6.57 by letting the diameter be unknown. Find the proper pipe 
diameter for which the pool will drain in about 2 hours flat. 


Solution: Recall the data: Let W = 5 m, Y = 8 m, ho = 2 m, L = 15 m, and €= 0, with 
water, p = 998 kg/m? and u= 0.001 kg/m-s. We apply the same theory as Prob. 6.57: 


2gh 4WY |2h,(1+ f,,L/D ; 
V= s > bavain * —3 holl + fayL/D) Jay = Jen(Rep) for a smooth pipe. 
1+ fL/D zD g 


For the present problem, fdrain = 2 hours and D is the unknown. Use an average value h = 
1 m to find fav. Enter these equations on EES (or you can iterate by hand) and the final 
results are 








V =2.36 més; Re, =217,000; f,, + 0.0154; D=0.092m=9.2em Ans. 





*6.73 The Moody chart, Fig. 6.13, is best for finding head loss (or Ap) when Q, V, d, and L 
are known. It is awkward for the “3rd” type of problem, finding d when Af (or Ap) and Q 
are known (see Ex. 6.11). Prepare a modified Moody chart whose abscissa is independent 
of d, using as a parameter € non-dimensionalized without d, from which one can 
immediately read the (dimensionless) ordinate to find d. Use your chart to solve Ex. 6.11. 


Solution: An appropriate Pi group which does not contain d is B= (ghtQ?)(L v ). 
Similarly, an appropriate roughness parameter without d is o = (ev/Q). After a lot of 
algebra, the Colebrook friction factor formula (6.48) becomes 


1⁄2 3p 
Re®? _ -20( 284) logu moRe, < eos = 
m 14.8 (128f/z") 








A plot of this messy relation is given below. 
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1.E+07 

1.E+06 

1.E+05 

4.E+04 

Re i a Sigma=0 

TESO Sigma=1e-8 

1.E+02 Sigma=1e-7 
= = Sigma=1e-6 

1.E+01 

1.E+00 

4.6414 1.6416 1.6418 1.6+20 1.6+22 1.6+24 1.£+26 1.6+28 1.£+30 1.E+32 
Beta = ghfQ3/Lnu5 


To solve Example 6. il; a 100-m-long, unknown-diameter pipe with a head loss of 8 m, 
flow rate of 0.342 m 3/s, and ¢ = 0.06 mm, we ra that data to compile 2 = 9.8E21 and 
o = 3.5E-6. The oil properties are p = 950 kg/m? and v = 2E-5 m?/s. Enter the chart 
above: let’s face it, the scale is very hard to read, but we estimate, at J = 9.8E21 and o= 
3.5E-6, that 6E4 < Red < 8E4, which translates to a diameter of 0.27 < d < 0.36 m. Ans. 
(Example 6.11 gave d = 0.3 m.) 





P6.74 Two reservoirs, which differ in surface elevation by 40 m, are connected by a new 
commercial steel pipe of diameter 8 cm. If the desired weight flow rate is 200 N/s of water at 
20°C, what is the proper length of the pipe? Neglect minor losses. 


Solution: For water at 20°C, take p = 998 kg/m? and = 0.001 kg/m-s. For commercial steel, 
€ = 0.046 mm, thus ed =0.046mm/80mm = 0.000575. Find the velocity and the friction factor: 
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w/(pg) 200 /[998(9.81)] m PVD _ 998(4.06)(0.08) 
S 7 = 4.06—, Rep = = 
(2/4)D (2 /4)(0.08) s u 0.001 
e/D 251 


1 
= —2.01 + 
ge eae E 


V= 





= 324,000 





yields f = 0.0185 


Then we find the pipe length from the energy equation, which is simple in this case: 


2 2 
Ap eabgn = FEV oos e e 


, Solve L = 205m Ans. 
D 2g (0.08m) 2(9.81) 
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6.75 You wish to water your garden with water jet 

100 ft of 3 -in-diameter hose whose rough- 

ness is 0.011 in. What will be the delivery, 

in £/s, i the gage pressure at the faucet is naseg E S 

60 lbf/in~? If there is no nozzle Gust an | j 
: : A X= V2, 

open hose exit), what is the maximum fe 


horizontal distance the exit jet will carry? Fig. P6.75 





Solution: For water, take p = 1.94 slug/ft? and u = 2.09E-S slug/ft-s. We are given ed = 
0.011/(5/8) ~ 0.0176. For constant area hose, V1 = V2 and energy yields 


Pruett h, ; 60x144 psf jag LV _¢ 100 v2 


pe 1 9432.2) d 2g (S812 232.2)’ 





=0.0463, v~10.0 8, Re~48400 
S 


then  fhetter * 0.0472, Vana ~ 9.91 ft/s (converged) 


or fV? =4.64. Guess faf, 


fully rough ~~ 


The hose delivery then is Q =(w4)(5/8/12)7(9.91) = 0.0211 ft?/s. Ans. (a) 


From elementary particle-trajectory theory, the maximum horizontal distance X traveled 
by the jet occurs at O= 45° (see figure) and is X = v? /g=(9. 91) /(32.2) = 3.05 ft Ans. (b), 
which is pitiful. You need a nozzle on the hose to increase the exit velocity. 





6.76 The small turbine in Fig. P6.76 extracts 400 W of power from the water flow. Both 
pipes are wrought iron. Compute the flow rate Q mĉ/h. Why are there two solutions? 


Which is better? 
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Solution: For water, take p = 998 kg/m? and u= 0.001 kg/m-s. For wrought iron, take ¢ 


= 0.046 mm, hence d1 = 0.046/60 ~ 0.000767 and ed2 = 0.046/40 ~ 0.00115. The 
energy equation, with V1 ~ 0 and p1 = p2, gives 


2 2 2 
Z,—-Z, =20m =y +hp +h +hurbines Ba =f Liv and hp =f, Po Nos 
2g d 2g dy 2g 
P 400 W 
Also, hubin =- =- za amd Q= Zav, = = BY, 
peQ 998(9.81)Q 4 4 


If we rewrite the energy equation in terms of Q and multiply by Q, it is essentially a cubic 
polynomial, because for these rough walls the friction factors are almost constant: 
400 8f,L,Q? 8f,L,Q?  8Q 
Quine = = 200 245 2,45 2 A4 
998(9.81) mgd; am gd>, m gd; 
Solve by EES or by iteration. There are three solutions, two of which are positive and the 
third is a meaningless negative value. The two valid (positive) solutions are: 





(a) Q =0.00437m° /s =15.7m° /hr ; Re; =92,500, f, =0.0215 ; Re, =138,800, f, =0.0221 
Œ) Q=0.00250m>/s = 9.0m /hr ; Re; =52,900, f, =0.0232 ; Re; =79,400, fı =0.0232 Ans. 


[The negative (meaningless) solution is Q = - 0.0069 m?/hr.] Both solutions (a) and (b) 
are valid mathematically. Solution (5) is preferred — the same power for 43% less water 
flow, and the turbine captures 16.3 m of the available 20 m head. Solution (a) is also 
unrealistic, because a real turbine’s power increases with water flow rate. Turbine (a) 
would generate more than 400 W. 
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6.77 Modify Prob. 6.76 into an economic analysis, as follows. Let the 40 m of wrought- 
iron pipe have a uniform diameter d. Let the steady water flow available be Q = 30 m”/h. 
The cost of the turbine is $4 per watt developed, and the cost of the piping is $75 per 
centimeter of diameter. The power generated may be sold for $0.08 per kilowatt hour. 
Find the proper pipe diameter for minimum payback time, i.e., minimum time for which 
the power sales will equal the initial cost of the system. 


Solution: With flow rate known, we need only guess a diameter and compute power 
from the energy equation similar to Prob. 6.76: 











< E) a ( E) 
P= h,, where h, =20 m 1+f 20 l+f 
pgQh,, w t 2g d red! d 


Then Cost =$4*P+$75(100d) and Annual income = so.os(_) (24)(365) 


The Moody friction factor is computed from Re = 49Q/(zud) and é/d = 0.066/d(mm). 
The payback time, in years, is then the cost divided by the annual income. For example, 


If d=0.lm, Re%œ 106000, f=0.0200, ht~ 19.48m, P= 1589.3 W 
Cost x $7107 Income = $1,114/year Payback ~ 6.38 years 


Since the piping cost is very small (<$1000), both cost and income are nearly 
proportional to power, hence the payback will be nearly the same (6.38 years) regardless 
of diameter. There is an almost invisible minimum at d % 7 cm, Re ~ 151000, f ~ 0.0201, 
ht ~ 17.0 m, Cost ~ $6078, Income ~ $973, Payback ~ 6.25 years. However, as diameter d 
decreases, we generate less power and gain little in payback time. 
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6.78 In Fig. P6.78 the connecting pipe is 
commercial steel 6 cm in diameter. Estimate 
the flow rate, in m>/h, if the fluid is water 
at 20°C. Which way is the flow? 


Solution: For water, take p = 998 kg/m? 
and w = 0.001 kg/m-s. For commercial 
steel, take ¢ ~ 0.046 mm, hence éd = 
0.046/60 = 0.000767. With p1, V1, and V2 
all ~ 0, the energy equation between 


gD 






200 kPa 
gage 


V2) 


L=50m 
Fig. P6.78 


surfaces (1) and (2) yields 


200000 
0+0+z, ~P2 +042, +h; or hp =15—-——__ 
pg 998(9.81) 


2; 2 
Guess turbulent flow: hp =f PY as or fV? =0.1278 
d2g 0.062081 


z —5.43 m (flow to left) — 





€ 0.1278)” m 
= _ 0.00767, ~ 0.0184, v-[ : ) ~2.64 ™®, Re=158000 
d Suess fiuty rough 0.0184 Sr. 





fhetter ~ 0-0204,  Vpetter = 2.50 ua Reyetter © 149700, fara iteration ~ 0.0205 (converged) 
s 


The iteration converges to 


f ~ 0.0205, V ~ 2.49 m/s, Q = (74)(0.06)?(2.49) = 0.00705 m/s = 25 m3/h <— Ans. 





6.79 A garden hose is used as the return line in a waterfall display at the mall. In order 
to select the proper pump, you need to know the hose wall roughness, which is not 
supplied by the manufacturer. You devise a simple experiment: attach the hose to the 
drain of an above-ground pool whose surface is 3 m above the hose outlet. You estimate 
the minor loss coefficient in the entrance region as 0.5, and the drain valve has a minor- 
loss equivalent length of 200 diameters when fully open. Using a bucket and stopwatch, 
you open the valve and measure a flow rate of 2.0E—4 m/s for a hose of inside diameter 
1.5 cm and length 10 m. Estimate the roughness height of the hose inside surface. 


Solution: First evaluate the average velocity in the hose and its Reynolds number: 


Q__20E4 yg Re, = 2⁄2 _ 9980.13X0.015) _ 


A (7/4)(0.015) s 4 0.001 





V= 16940 (turbulent) 
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Write the energy equation from surface (point 1) to outlet (point 2), assuming an energy 


correction factor a= 1.05: 


2 2 
Pr ay Pr, Vo 


PE 


2g pZ 


The unknown is the friction factor: 


Z 


12 


tz = } 2g tZ +h; + Èhoss where Xhpss -(«. +f 


La) AV, 
a) 2g 





3m 


0.5 





a 5 
WP Dig ? 


f (L+L,, Vd 


_ (1.13)°/2(9.81) 
(10/0.015 +200) 


= 0.0514 


For f= 0.0514 and Red = 16940, the Moody chart (Eq. 6.48) predicts ed ~ 0.0206. 
Therefore the estimated hose-wall roughness is ¢= 0.0206(1.5 cm) = 0.031 cm Ans. 





6.80 The head-versus-flow-rate characteri- 
stics of a centrifugal pump are shown in 
Fig. P6.80. If this pump drives water at 
20°C through 120 m of 30-cm-diameter 
cast-iron pipe, what will be the resulting 
flow rate, in m?/s? 


Solution: For water, take p = 998 kg/m? 
and 4= 0.001 kg/m-s. For cast iron, take ¢~ 
0.26 mm, hence é/d = 0.26/300 = 0.000867. 
The head loss must match the pump head: 





80m 


Parabola 





Pump 
performance 


2m3/s 


Fig. P6.80 


2 2 
rore = sito- pump ~ 80—-20Q?°, with Q in m°/s 
f d 2g mgd’ 
2 
Evaluate h; = RZUT 80-20Q°, or: Q?’ z a 
m (9.81)(0.3)° 20+ 4080f 
80 Ps m 4Q 
Guess f ~0.02, Q=|—————-|  ~0.887 —, Re=—"<~3.76E6 
20 + 4080(0.02) s TUL 


3 


~ = 0.000867, f ~0.0191, Re, ~3.83E6, converges to Q~ 0.905 mY Ans. 
etter etter N 
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6.81 The pump in Fig. P6.80 is used to deliver gasoline at 20°C through 220 m of 
30-cm-diameter galvanized iron pipe. Estimate the resulting flow rate, in m 3/s, (Note 
that the pump head is now in meters of gasoline.) 


Solution: For gasoline, take p = 680 kg/m? and ys = 2.92E—4 kg/m-s. For galvanized 
iron, take ¢ 0.15 mm, hence é/d = 0.15/300 ~ 0.0005. Head loss matches pump head: 








8£LQ? f 5 
h =- a e =11901fQ? = h ump ~ 80-20Q°, Q? ai ON 
zm gd’ 7° (9.81)(0.3) 20+11901f 
ine 
Guess froush = 0.017, Q = 0.600 E 
REpetter ¥ 5.93E6, “ =0.0005, foeter ~ 0.0168 
This converges to f%=~0.0168, Re %~5.96E6, Q =0.603 m/s. Ans. 
P6.82 Fluid at 20°C flows through a horizontal galvanized-iron pipe 20 m long and 8 cm 


in diameter. The wall shear stress is 90 Pa. Calculate the flow rate in m*/h if the fluid is (a) 
glycerin; and (b) water. 


Solution: (a) For glycerin, take p = 1260 kg/m? and u= 1.49 kg/m-s. For galvanized iron, take ¢ 
= 0.15 mm, hence «/D = 0.15/80 = 0.001875. But we are guessing this flow is laminar: 


= 90pPa = ŠEV = 84V ge V = 0.604 
D (0.08) s 


T w, laminar 


3 


3 
Q = aoe = (0.08)? (0.604) = 0.00304" = 10.9 oe Ans.(a) 
S 


_ PVD _ (1260)(0.604)(0.08) 
1.49 


Check Rep = 41 (yes, laminar) 


(b) For water, take p = 998 kg/m? and 44= 0.001 kg/m-s. For galvanized iron, take ¢~ 0.15 
mm, hence é/D = 0.15/80 ~ 0.001875. Now we are guessing this flow is turbulent. At 
that roughness, the minimum friction factor is 0.023, which we can use for a first estimate: 


2 2 
T„ = 90 Pa = se x 003 Y o: Va 5.6" , Rep = 447,000 
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The Reynolds number estimate is certainly high enough, and into the fully-rough region 
of the Moody chart. Iterate briefly to the final result, only slightly different: 





3 3 
f = 0.0235 ; Rep = 443,000 ; V = 5.55“: Q = 0.0279 = 100 7 Ans.(b) 
S S 





6.83 For the system of Fig. P6.55, let Az = 80 m and L = 185 m of cast-iron pipe. What 
is the pipe diameter for which the flow rate will be 7 m>/h? 


Solution: For water, take p = 998 kg/m? and u = 0.001 kg/m-s. For cast iron, take ¢ ~ 
0.26 mm, but d is unknown. The energy equation is simply 





Fig. P6.55 


8fLQ’ _ 8f(185)(7/3600) _ 5.78E-Sf 


d~0.0591f"° 
mgd? m(9.81)d> a 





Az = 80 m= hy = 
Guess f 0.03, d=0.0591(0.03)'5 ~ 0.0293 m, Re= t22 = 84300, i = 0.00887 
mu 


Iterate: fbetter ~ 0.0372, dbetter ~ 0.0306 m, Rebetter ~ 80700, s/'d|better ~ 0.00850, etc. 
The process converges to f ~ 0.0367, d = 0.0305 m. Ans. 





6.84 It is desired to deliver 60 m?/h of water (p = 998 kg/m, = 0.001 kg/m-s) at 20°C 
through a horizontal asphalted cast-iron pipe. Estimate the pipe diameter which will 
cause the pressure drop to be exactly 40 kPa per 100 meters of pipe length. 
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Solution: Write out the relation between Ap and friction factor, taking “L” = 100 m: 





Mp=f 


a 


2 
L 100 (998) 60/3600 

Py? =f (228); 90, = | =40,000 = 22.48 f or: d° =0.00562f 
d2 d 2 | (@/4d 

Knowing ¢= 0.12 mm, then &d = 0.00012/d and Red = 49Q/(aud) = 21178/d. Use EES, 
or guess f~ 0.02 and iterate until the proper diameter and friction factor are found. 

Final convergence: f~ 0.0216; Red ~ 204,000; d = 0.104 m. Ans. 





P6.85 For the system in Prob. P6.53, a pump, which delivers 15,000 W to the water, is 
used at night to refill the upper reservoir. The pipe diameter is increased from 12 cm to 
provide more flow. If the resultant flow rate is 90 m°/h, estimate the new pipe size. 


Solution: For water at 20°C, Table A.3, p = 998 kg/m? and u= 0.001 kg/m-s. Recall that 
Az = 60 m and L = 360 m. Since the pressures and velocities cancel, the energy equation 
becomes 








360m V? 
z = the ah : : h, = Az+h, =60m + f — 
lower Zupper f pump > OF P £ f maf D 2(9.81) 
Rep J 
epee Bs, 2.0log oR 2M!) Rips PVD _ 4pQ 4(998)(90/3600) 
[fF 2.51 u muD m(0.001)D 


3 3 
Q= viD = 907—= 0.0257 , Power = pg Qh, = (998)(9.81)Q h, = 15,000 W 


You could solve by iteration, guessing values of D greater than 12 cm, until Q = 90 m°*/h. 
Or you could put the above equations into EES, which will report the answer: 


Rep = 169,000 ; f = 0.0161; Q = 90m /h if D = 0.188m Ans. 


Thus a 57% increase in diameter only produces a 13% increase in flow rate. Even with 
an indefinitely large diameter, because of the 60-meter elevation head to fight against, O 
can never be greater than 92 m’/h if P= 15 kW. 
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6.86 SAE 10 oil at 20°C flows at an average velocity of 2 m/s between two smooth 
parallel horizontal plates 3 cm apart. Estimate (a) the centerline velocity, (b) the head loss 
per meter, and (c) the pressure drop per meter. 


Solution: For SAE 10 oil, take p = 870 kg/m? and u = 0.104 kg/m-s. The half-distance 
between plates is called “h” (see Fig. 6.37). Check Dh and Re: 


4A PVD, _ 870(2.0)(0.06) 


D,=—~ =4h=6cm, Rep, = = 1004 (laminar) 
P 0.104 


max 


3 3 
Then uc, = Umax = mY = 5-0) ~3.0 m/s Ans. (a) 


The head loss and pressure drop per meter follow from laminar theory, Eq. (6.63): 


3uiVL _ 3(0.104)(2.0)(1.0) 


Ap = 
PS ge (0.015 my’ 


=2770 Pa/m Ans. (c) 
_Ap__ 2770 


p= =— z0.325 mm Ans. (b) 
pg 870(9.81) 





6.87 A commercial-steel annulus 40 ft long, with a = 1 in and b= + in, poe two 
reservoirs which differ in surface height by 20 ft. Compute the flow rate in ft/s through 
the annulus if the fluid is water at 20°C. 


Solution: For water, take p= 1.94 slug/ft? and u = 2.09E-S slug/ft-s. For commercial 
steel, take ¢~ 0.00015 ft. Compute the hydraulic diameter of the annulus: 


4A 





D, ay eee inch; 
LW 40 z 
h, =20 ft=f -e ) y , or: fV? ~x 2.683 
D, 2g 1/12 2(32.2) 


We can make a reasonable estimate by simply relating the Moody chart to Da, rather than 
the more complicated “effective diameter” method of Eq. (6.77). Thus 





0.00015 
~ = ~ 0.0018, Guess frauen = 0.023, V =(2.683/0.023)'" ~ 10.8 i 
D, M2 s 
VD, _ 1.94(10.8)(1/12 ft 
Re aPN Di DARIOS) 83550, foeter = 0.0249, Viotter ~ 10.4 — 





u = 209E-5 s 
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This converges to f~ 0.0250, V ~ 10.37 ft/s, Q=a(a2—b*)V=0.17 ft/s. Ans. 





6.88 An oil cooler consists of multiple parallel-plate passages, as shown in Fig. P6.88. 
The available pressure drop is 6 kPa, and the fluid is SAE 10W oil at 20°C. If the desired 
total flow rate is 900 m>/h, estimate the appropriate number of passages. The plate walls 
are hydraulically smooth. 


2m 50 cm 


Flow 50 cm 


Fig. P6.88 


Solution: For SAE 10W oil, p = 870 kg/m? and u = 0.104 kg/m-s. The pressure drop 
remains 6 kPa no matter how many passages there are (ducts in parallel). Guess laminar 
flow, Eq. (6.63), 


_bh bp 
Orne passage — 3u L 


where A is the half-thickness between plates. If there are N passages, then b = 50 cm for 
all and A = 0.5 m/(2N). We find A and N such that NỌ = 900 m 3/h for the full set of 
passages. The problem is ideal for EES, but one can iterate wih a calculator also. We 
find that 18 passages are one too many—Q only equals 835 m 3/h. The better solution is: 


=17 passages, Qy =935m°/h, h=1.47 cm, Rep, =512 (laminar flow) 





6.89 An annulus of narrow clearance causes a very large pressure drop and is useful as 
an accurate measurement of viscosity. If a smooth annulus 1 m long with a = 50 mm and 
b = 49 mm carries an oil flow at 0.001 m?/s, what is the oil viscosity if the pressure drop 
is 250 kPa? 
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Solution: Assuming laminar flow, use Eq. (6.73) for the pressure drop and flow rate: 


2 2\2 
ongefo e 


, or, for the given data: 
8u L In(a/b) 


2 2,2 
Dolara: a(x) (0.05)* —(0.049)¢ £0.05) =0.049) 7 
8u\ 1m 1n(0.05/0.049) 


Solve for 0.0065 kg/m-s Ans. 





P6.90 A rectangular sheet-metal duct is 200 ft long and has a fixed height H = 6 
inches. The width B, however, may vary from 6 to 36 inches. A blower provides a pressure 
drop of 80 Pa of air at 20°C and 1 atm. What is the optimum width B that will provide the 
most airflow in ft’/s? 


Solution: For air at 20°C and 1 atm, take p = 1.20 kg/m’ and y= 1.8E-5 kg/m-s. The 
pressure drop is related to the hydraulic diameter of the duct. Convert L = 200 ft = 60.96 
m. For sheet metal, from Table 6.1, the roughness ¢= 0.05 mm. 





f L2y , where D, = = = 2BU 
fD, 2 B+H 


Solve for V = 2N Di COLO! 479 Pr which gives V in m 
fpL f (1.20)(60. 96) f s 


The duct area A = 2BH increases with B for a fixed H, and so does the hydraulic 
diameter. The Reynolds number (oVD,/u) also increases, hence the friction factor f 
decreases. All of these factors make the flow rate Q increase with H. Therefore, without 
even making calculations, we conclude that the widest H (36 inches) produces 
the most flow rate. Ans. 

We can calculate the actual flow rate for H = 36 inches = 0.9144 m: 


Ap = , f related to Rep, and = 
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H =36in, D, =0.261m, Rep, = 95,200, = = 0.000191, f = 0.01914, 
h 
a ae fe 
Giving V = 5.46, O=VBH = 0.761-— = 27 Ans. 
S S S 





Here is a plot of flow rate Q versus width H. Itis almost exactly linear. 




















Duct width E 
R inches 

















6.91 Heat exchangers often consist of many triangular passages. Typical is Fig. P6.91, 
with L = 60 cm and an isosceles-triangle cross section of side length a = 
2 cm and included angle 2 = 80°. If the average velocity is V = 2 m/s and the fluid is SAE 
10 oil at 20°C, estimate the pressure drop. 





Fig. P6.91 
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Solution: For SAE 10 oil, take p = 870 kg/m? and u = 0.104 kg/m-s. The Reynolds 
number based on side length a is Re = pVa/u ~ 335, so the flow is laminar. The bottom 
side of the triangle is 2(2 cm)sin40° = 2.57 cm. Calculate hydraulic diameter: 


= esne cos40°)= 1.97 cm?; P=6.57cm; D, = s ~ 1.20 cm 


VD 870(2.0)(0.01 
Rep, = NS Ao x201; from Table 6.4, 9=40°, fRe 52.9 
u . 





Then £=2-"~0.263, Ap= f—2v? = (0.263)( 2< (He 2} 
201 D, 2 0.012 


x23000 Pa Ans. 





6.92 A large room uses a fan to draw in atmospheric air at 20°C through a 30 cm by 30 em 
commercial-steel duct 12 m long, as in Fig. P6.92. Estimate (a) the air flow rate in m 3/hr 
if me room pressure is 10 Pa vacuum; and (b) the room pressure if the flow rate is 1200 
m?/hr. Neglect minor losses. 


30cm by 30 
cm by 12 m 


Room 
+ + 
Patm 


Fig. P6.92 


Solution: For air, take p = 1.2 kg/m? and = 1.8E—5 kg/m-s. For commercial steel, £= 
0.046 mm. For a square duct, Dh = side-length = 30 cm, hence #d = 0.046/300 = 0.000153. 
The (b) part is easier, with flow rate known we can evaluate velocity, Reynolds number, 
and friction factor: 


_ Q _ 12003600 _, „g m, Re, 1.2(3.70)(0.3) 
A (0.3)(0.3) s 





„= ep3 774100, thus fioa = 0.0198 
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Then the pressure drop follows immediately: 





Lp 12\ (1.2 
Ap= v? =0.0198{ \(: J670 =6.53 P 
p aa E (3.70) a, 


or: = 6.5 Pa (vacuum) Ans. (b) 


(a) If Ap = 10 Pa (vacuum) is known, we must iterate to find friction factor: 


E ‘fA oar Get SO =, (1.2V(00.3) £ \ 
Ap=10 Pa AEA V OF Jad ge 5, 0.000153 


Proom 








After iteration, the results converge to: 


V=4.69 m/s; Red=93800; f=0.0190; Q =0.422 m?/s = 1520 m?/h Ans. (a) 





P6.93 In Moody’s Example 6.6, the 6-inch diameter, 200-ft-long asphalted cast iron pipe has a 
pressure drop of about 280 Ibf/ft” when the average water velocity is 6 ft/s. Compare this to an 
annular cast iron pipe with an inner diameter of 6 in and the same annular average velocity of 6 
ft/s. (a) What outer diameter would cause the flow to have the same pressure drop of 280 Ibf/ fr? 
(b) How do the cross-section areas compare, and why? Use the hydraulic diameter 
approximation. 


Solution: Recall the Ex. 6.6 data, = 0.0004 ft. For water at 68°F, take p = 1.94 slug/ft® and yz 
= 2.09E-5 slug/ft-sec. The hydraulic diameter of an annulus is Dy = 2(Ry — Ri), where Rj = 0.25 


ft. We know the pressure drop, hence the head loss is 


LV? . 200 ft (6 ft/s)? — Ap _ 2801bf/ ft? 
D, 2g 2(R, —0.25 ft) 32.2 ftls? P8  624lbf1 fP 





h= f = 4.49 ft 


We do not know for Ry. The additional relation is the Moody friction factor correlation: 


2.51 wiere- Res = pVD,, _ (1.94)(6.0)[2(R, —0.25)] 


* Re D, Rep VF i u 2.09E -5 








= —2) olog oE 


Sl- 
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(a) For ¢= 0.0004 ft, solve these two simultaneously, using EES or Excel, to obtain 


f =0.0199 ; Rep = 276,000; R, = 0.498ft Ans.(a) 


(b) The annular gap is 0.498 — 0.25 = 0.248 ft, just about equal to the inner radius. However, the 
annular area is three times the area of Moody’s pipe! Ans .(6) The annular pipe has much 
more wall area than a hollow pipe, more friction, so more cross-section area is needed to match 
the pressure drop. 





P6.94 Air at 20°C flows through a smooth duct of diameter 20 cm at an average 
velocity of 5 m/s. It then flows into a smooth square duct of side length a. Find the 
square duct size a for which the pressure drop per meter will be exactly the same as the 
circular duct? 


Solution: For air at 20°C and 1 atm, take p = 1.20 kg/m? and w= 1.8E-5 kg/m-s. 
Compute the pressure drop in the circular duct: 


PVD _ (1.2)(5)(0.2) 





Rep = 4 z 1.8E -5 = 66,700 ; F smooth = 0.0196 
dp = fey? = (0.0196 mee 2g Lm’ 62 = 147 te 
D2 Fmi 2 x 7 


The square duct will have slightly different size, Reynolds number, and velocity: 


4a u 1.8E -5 


3 
But Q= TDN 7 4 (0.2)°(5) E 0.157" = V,a? 


S 


Thus everything can be written in terms of the square duct size a: 
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1.2(0.157/a*)a 10470 Pa L pio Im 1.2, 0.1572 
Rep, = = ; Ap =147— = V2 = 
Dh TELS i p cs fD, 58 f z X 2 ) 
or: 1.47 so or: f = 99.5a° 
a 


Guess f equal to, say, 0.02, find the improved Reynolds number and f, finally find a: 


Vs = 4.70 m/s ; Rep, = 57,350; f= 0.0203 ; a = 0.183 m Ans. 


P6.95 Although analytical solutions are available for laminar flow in many duct 
shapes [34], what do we do about ducts of arbitrary shape? Bahrami et al. [57] propose 
that a better approach to the pipe result, f Re = 64, is achieved by replacing the hydraulic 
diameter D; by VA, where A is the area of the cross section. Test this idea for the isosceles 
triangles of Table 6.4. If time is short, at least try 10°, 50°, and 80°. What do you 
conclude about this idea? 


Solution: We can see for the triangles in Table 6.4 that the values of f Rep, are all less 


than 64, by as much as 25%. If we denote Bahrami’s idea as Dg = VA, the new Reynolds 
number is based on 


Dp VA P 





Dz = D, = D, = D 
a D tee AAPA G s 
For an isosceles triangle of height h, P =2hsec0 + 2htanĝ0, A = h? tan 
t 
Thus Dz = eae D, 


2Vtand 


So we multiply the values of fRep, by the above factor and see how we close it is to 64: 





O, degrees 10 20 30 40 50 60 70 80 



































f Res 73 63 61 62 65 72 85 116 
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We see that intermediate angles, 20° to 50°, work well, sharper angles not so good. 


Bahrami et al. [57] make some suggestions to modify the idea for too-small or too-large 
angles. 





P6.96 A fuel cell [Ref. 59] consists of air (or oxygen) and hydrogen micro ducts, 
separated by a membrane that promotes proton exchange for an electric current, as in Fig. 
P6.96. Suppose that the air side, at 20°C and approximately 1 atm, has five 1 mm by 1 
mm ducts, each 1 m long. The total flow rate is 1.5E-4 kg/s. (a) Determine if the flow is 
laminar or turbulent. (b) Estimate the pressure drop. 


air flo 


hydrogen flow | 











anod 











mamhrana 








1 mm by 1 mm by 1 








Fig. P6.96. Simplified diagram of an air-hydrogen fuel cell. 
[Problem courtesy of Dr. Pezhman Shirvanian] 


Solution: For air at 20°C and 1 atm, take p= 1.20 kg/m? and y= 1.8E-5 kg/m-s. The 


hydraulic diameter of a square duct is easy, the side length a = 1 mm. The mass flow 
through one duct is 





1.5E-4kg/: k, k 
hg - B18 _ g3p-4™ = pav = 0.20 = )[(0.001m)*1V 
Ss m 
D, ; : j $ 
Solve for V = 25.0%, hence Rep, = VE = 129003-00-0019 = 1667 (laminar) Ans.(a) 
s u 0.000018 


(b) We could go with the simply circular-duct approximation, f = 64/Re, but we have a 
more exact laminar-flow result in Table 6.4 for a square duct: 
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Pies 56.91 _ 56.91 _ 0.0341 
“4 Rep, 1667 





lm a 


0.001 \(—— Ness a = 12,800 Pa Ans.(b) 





Then Ap = f — af V? = (0.0341) 





6.97 A heat exchanger consists of multiple parallel-plate passages, as shown in Fig. P6.97. 
The available pressure drop is 2 kPa, and the fluid is water at 20°C. If the desired total 
flow rate is 900 m 3/h, estimate the appropriate number of passages. The plate walls are 
hydraulically smooth. 


2 
i 50 cm 


Flow 50 cm 


Fig. P6.97 


Solution: For water, p = 998 kg/m? and u = 0.001 kg/m-s. Unlike Prob. 6.88, here we 
expect turbulent flow. If there are N passages, then b = 50 cm for all N and the passage 
thickness is H = 0.5 m/N. The hydraulic diameter is Dh = 2H. The velocity in each passage 
is related to the pressure drop by Eq. (6.58): 


VD, 
Ap = ER y? where f = Fracan = fen (2 
D, 2 i 4 
2.0m 998 kg/m? j 
2(0.5 m/N) 2 
aa N, find H and V and Qtotal = AV = b?V and compare to the desired fow of 900 


m>/h. For example, guess N = 20, calculate f = 0.0173 and Qtotal = 2165 m 3/h. The 
converged result is 


For the given data, 2000 Pa = f 


Qrorat = 908 m°*/h, f = 0.028, 
Rep, =14400, H=7.14 mm, N=70 passages Ans. 
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6.98 A rectangular heat exchanger is to 
be divided into smaller sections using 
sheets of commercial steel 0.4 mm thick, as 
sketched in Fig. P6.98. The flow rate is 
20 kg/s of water at 20°C. Basic dimensions 
are L = 1 m, W = 20 cm, and H = 10 cm. 
What is the proper number of square 
sections if the overall pressure drop is to be 
no more than 1600 Pa? 





Solution: For water at 20°C, take p = 998 kg/m? and u= 0.001 kg/m-s. For commercial 
steel, £ ~ 0.046 mm. Let the short side (10 cm) be divided into “J” squares. Then the long 
(20 cm) side divides into “2J” squares and altogether there are N = 27? squares. Denote 
the side length of the square as “a,” which equals (10 cm)/J minus the wall thickness. The 
hydraulic diameter of a square exactly equals its side length, Dh = a. The total cross- 
section area is Æ = N a’. Then the pressure drop relation becomes 


2 

L 1.0 (998 0.1 

Ap=f 2V? = r10(28) (2) <1600 Pa, where N=2J? anda =~ -0.0004 
D, 2 a2 /\Na J 


As a first estimate, neglect the 0.4-mm wall thickness, so a ~ 0.1/J. Then the relation for 
Ap above reduces to fJ ~ 0.32. Since f ~ 0.036 for this turbulent Reynolds number (Re ~ 
1E4) we estimate that J ~ 9 and in fact this is not bad even including wall thickness: 








1=9, N=2(9) =162, a looa m, v=—20?°8 a E 
162(0.0107) s 
Va  998(1.078)(0.010 0.046 
pec ANa re LTO iise f= ~ 0.00429, foa, = 0.0360 
u 0.001 a 10.7 y 





Then Ap = (0.036), 1o }( 25) c.078) = 1950 pa 
0.0107/\ 2 


So the wall thickness increases V and decreases a so Ap is too large. Try J = 8: 
J=8, N=128, a=0.0121m, V=1.069 Œ, 
s 
Re =12913, TE 0.0038, f= 0.0347 
a 


Then Ap =f(La)(92)V? +1636 Pa. Close enough, J=8, N=128 Ans. 


[I suppose a practical person would specify J = 7, N = 98, to keep Ap < 1600 Pa.] 
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P6.99 In Sec. 6.11 it was mentioned 
that Roman aqueduct customers obtained 
D,=5cm 


extra water by attaching a diffuser to their 


pipe exits. Fig. P6.99 shows a simulation: 





a smooth inlet pipe, with and without a 15° [ os 
15° diffuser 


diffuser expanding to a 5-cm-diameter exit. 
Fig. P6.99 
The pipe entrance is sharp-edged. 


Calculate the flow rate (a) without, and (b) with the diffuser. 


Solution: For water at 20°C, take p = 998 kg/m? and „u = 0.001 kg/m-s. The energy equation 


between the aqueduct surface and the pipe exit yields 


v? V VWL 
Zsurf = 24 F + hş + hn = 22 4 2 t 7 (f D; H Kentrance + K aifuser) 





(a) Without the diffuser, Kaige = 0, and Vi = V2. For a sharp edge, take Kent = 0.5. We obtain 


2m 
0.03m 


Solve: Re =115,000 ; f =0.0175 ;V, =4.48m/s ; Qwithout = 0.00271 m° /s_ Ans.(a) 





2 
2m = a +f + 0.5), with f = fen(Re = pV,D,/ 1) 
& 
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(b) With the diffuser, from Fig. 6.23, for Dı/D2 = 3/5 = 0.6 and 20 = 15°, read Käiffaser ~ 0.2. 


From one-dimensional continuity, V2 = V;(3/ 5) =0.36V,. The energy equation becomes 





2 2 
PLEER E = SOE eg acs 


Solve: Re = 134,000 ; f =0.0169 ; V, =3.84m/s; Qyi, = 0.00316 m?/s Ans.(b) 


2m 


Adding the diffuser increases the flow rate by 17%. [NOTE: Don’t know if the Romans did 


this, but a well-rounded entrance, Kent = 0.05, would increase the flow rate by another 15%. ] 





P6.100 Water at 68°F flows at 100 gal/min through a 2-inch-diameter commercial 
steel pipe that is 150 ft long. According to Table 6.5, how many 90° regular screwed 
elbows can be added to the system before the overall pressure drop exceeds 25 Ibf/in*? 


Solution: For water at 68°F (20°C), p= 1.94 slug/ft’ and js = 0.0000209 slug/ft-s. For 
commercial steel, ¢ = 0.00015 ft, hence &D = 0.00015/(2/12) = 0.0009. Compute the 
velocity, Reynolds number, and friction factor for a steady flow rate of 100 gal/min. 





3 3 
o= 10 £} = 023 ;yv-—2 = eee es > = 10.2 fi 
min s (IAD (TIAN fO s 
Rep = 2P ~ 09900.D0/12 158,000 ; Ê = 0.0009 ; ftoody = 0.0210 
(0.0000209) D 


Compute the pressure drop of the pipe alone: 





2 


Ap = FELV? = 0.02 
D2 ft in 


2/12 


Thus we can add elbows until their total minor loss = 25.0 — 13.2 = 11.8 Ibf/in? = 1700 
Ibf/ft?. From Table 6.5, each elbow has a loss K = 0.95. 
The pressure loss of each elbow is 


00.2" = 1910 2 = 13.2 = 
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1.94 lbf 
AP elbow = Ketbow au = (0.95) ( 2 )(10.2)° = 96 fe 
2 
Thus the no. of elbows = total elbow loss- LIQUID LIE = 17 elbows max Ans. 





loss per elbow 961bf I ft 





NOTE: IN PROBLEMS 6.100—6.110, MINOR LOSSES ARE INCLUDED. 





6.101 In Fig. P6.101 a thick filter is being tested for losses. The flow rate in the pipe is 
7 m?/min, and the upstream pressure is 120 kPa. The fluid is air at 20°C. Using the 
water-manometer reading, estimate the loss coefficient K of the filter. 


— 


Ue ions 





AM nie genres weve 


i agoen Wates 


Fig. P6.101 


Solution: The upstream density is pair = p/(RT) = 120000/[287(293)] = 1.43 kg/m’. 

The average velocity V (which is used to correlate loss coefficient) follows from the flow 
rate: 

Q _ 7/60 m*/s 

Apipe (2/4)(0.1 my? 

The manometer measures the pressure drop across the filter: 


MP nano = Pw — Pa) Zang = (998 — 1.43 kg/m? (9.81 m/s? (0.04 m) =391 Pa 


=14.85 m/s 


This pressure is correlated as a loss coefficient using Eq. (6.78): 
a AP fher = 391 Pa 


K fier 5 5 7 2.5 Ans. 
(/2)eV~ — (1/2)(1.43 kg/m? )(14.85 m/s) 
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6.102 A 70 percent efficient pump delivers water at 20°C from one reservoir to another 
20 ft higher, as in Fig. P6.102. The piping system consists of 60 ft of galvanized-iron 2-in 
pipe, a reentrant entrance, two screwed 90° long-radius elbows, a screwed-open gate valve, 
and a sharp exit. What is the input power required in horsepower ut and without a 6° well- 
designed conical expansion added to the exit? The flow rate is 0.4 ft/s. 


v 


m a 6° cone 

















Fig. P6.102 
Solution: For water at 20°C, take p= 1.94 slug/ft? and u = 2.09E-S slug/ft-s. For galvanized 
iron, ¢= 0.0005 ft, whence ed = 0.0005/(2/12 ft) ~ 0.003. Without the 6° cone, the minor 
losses are: 





K reentrant ` 1.0; K atbows x 2(0.41); K gate valve ~ 0. 16; K sharp exit ~ 1.0 
Balin ye Sa t —=18.3 f. Rez 2V4 — 19408.3)2/12) 284000 
A aN? s u 2.09E-5 


At this Re and roughness ratio, we find from the Moody chart that f ~ 0.0266. Then 


(18.3) 
2(32.2) 





2 
(a) Him =Az+ X (e H EK ]=20 0.0266{ £% |+1.0+0.82+0.16+1.0 
pimp. 2g\ d 2/12 
pPgQh, _ (62.4)(0.4)(85.6) 
n 0.70 
=3052 +550 ~ 5.55 hp Ans. (a) 


or hpump ~ 85.6 ft, Power = 


(b) If we replace the sharp exit by a 6° conical diffuser, from Fig. 6.23, Kexit ~ 0.3. Then 





2 
h, =204 €83 ooz66( £ ]+10+.82+.16+03 =81.95 ft 
P 2(32.2) 2/12 
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then Power =(62.4)(0.4)(81.95/0.7 +550 ~ 5.31 hp (4% less) Ans. (b) 





6.103 The reservoirs in Fig. P6.103 are connected by cast-iron pipes joined abruptly, 
with sharp-edged entrance and exit. Including minor losses, estimate the flow of water at 
20°C if the surface of reservoir 1 is 45 ft higher than that of reservoir 2. 

v. 





2in 


D=lin ee 
i L=20ft 


Fig. P6.103 


Solution: For water at 20°C, take p = 1.94 slug/ft? and y= 2.09E-5 slug/ft-s. Let “a” 
be the small pipe and “b” the larger. For wrought iron, ¢~ 0.00015 ft, whence sda = 
0.0018 and é/db = 0.0009. From the continuity relation, 


; i 1 
Q=V, A =V, Td or, since d, =2d,, we obtain V, = re 


a 


ceg? 


For pipe “a” there are two minor losses: a sharp entrance, K1 = 0.5, and a sudden 
expansion, Fig. 6.22, Eq. (6.101), K2 = [1 — (1/2) P = 0.56. For pipe “b” there is one 
minor loss, the submerged exit, K3 ~ 1.0. The energy equation, with equal pressures at 
(1) and (2) and near zero velocities at (1) and (2), yields 








vV?[/ L Y VSL \ 
Az=h,, + Xhy, the, + DXA» =— |} f, 2 + 0.54+0.56 | +—2] f, 2 +1.0), 
f fb b 2g d, 2g a, J 
2 
or, since V,=V,/4, Az=45 ft= Va [z0r + 1.064 19 fy + re | 
2(32.2) 16 16 


where fa and fb are separately related to different values of Re and é/d. Guess to start: 
f, =f, 0.02: then V, =21.85 fi/s, Re, ~169000, «ed, =0.0018, f,, ~ 0.0239 
V, =5.46 ft/s, Re, ~84500, «/d, = 0.0009, f,, = 0.0222 
Converges to: f, =0.024, f, =0.0224, V, ~ 20.3 ft/s, 


Q=V,A, ~0.111 ft?/s. Ans. 
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P6.104 Water at 20°C flows through a smooth horizontal pipe at 12 mĉ/h. The 
pipe diameter is 5 cm, and its length is 10 m. (a) Compute the pressure drop. (b) If a gate 
valve is added, what gate opening h/D will reduce the flow rate by 50% for the same 
pressure drop? 


Solution: For water at 20°C, Table A.3, p = 998 kg/m? and = 0.001 kg/m-s. (a) First 
compute the Reynolds number from the known flow rate and then get the (smooth) 
friction factor: 


Ve Q_ (12/3600) -1.70" é tes = pVD _ (998)(1.70)(0.05) 


5 = 84,700 
A (1/4)(0.05) s u 0.001 


Eq.(6.38): -L = 2.0log(84700,/f) — 0.8 yields f ~ 0.0186 


Vf 


Then the pressure drop is given by 


Ap = s £v? = (0. 0186 S, 70)? = 5350 Pa Ans.(a) 


(b) The partly closed gate valve cuts the flow rate in half to 6 m/s, or V = 0.85 m/s. 

This cuts the Reynolds number in half, to 42,350, which slightly increases the (smooth) 
friction factor. From Eq. (6.38), the new friction factor is f= 0.0217. Add the K factor of 
the valve to Ap: 


)= 0. 85)°[(0. 0217) +K 


valve valve ] 


Py2-7-h 
Ap = 5350Pa = —V —+K 
p 9 (f = 
or 14.8 = 4.34+ K Solve for K ~ 10.5 


Figure 6.18b shows that, for the gate valve, a minor loss coefficient K ~ 10.5 is reached 
fora gate opening h/D x% 0.35. Ans.(b) 


valve > valve 





6.105 The system in Fig. P6.105 consists of 1200 m of 5 cm cast-iron pipe, two 45° and 
four 90° flanged long-radius elbows, a fully open flanged globe valve, and a sharp exit 
into a reservoir. If the elevation at point 1 is 400 m, what gage pressure is required at 
point 1 to deliver 0.005 m 3/s of water at 20°C into the reservoir? 
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Solution: For water at 20°C, take p = 998 kg/m? and = 0.001 kg/m-s. For cast iron, 
take ¢~ 0.26 mm, hence é/d = 0.0052. With the flow rate known, we can compute V, Re: 


Elevation 
500 m 







Sharp 
exit 


45° 





Fig. P6.105 
es 000 = =2.55 2; Re= 998(2.55)(0-05) . 127000, foody = 0.0315 
A (7/4)(0.05) s 0.001 


The minor losses may be listed as follows: 
45° long-radius elbow: K ~0.2; 90° long-radius elbow: K ~ 0.3 
Open flanged globe valve: K ~8.5; submerged exit: K ~ 1.0 


Then the energy equation between (1) and (2—the reservoir surface) yields 


2 
Piiz =0+0+z, +h; +% hn 
Pg 2g 








(2.55) (222) 
or: / = 500 — 400 + 0.0315 + 0.5+2(0.2)+ 4(0.3)+8.5+1-1 
p,/(eg) 29.81) 0.05 (0.2)+ 4(0.3) 


=100+253=353 m, or: p, =(998)(9.81)(353) = 3.46 MPa Ans. 
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6.106 The water pipe in Fig. 6.106 slopes 
upward at 30°. The pipe is 1-inch diameter 
and smooth. The flanged globe valve is 
fully open. If the mercury manometer 
shows a 7-inch deflection, what is the flow 
rate in cubic feet per sec? 


Solution: For water at 20°C, take p = 
1.94 slug/ft? and u= 2.09E-5 slug/ft-s. The 
pipe length and elevation change are 





L= 10 ft 
cos30° 


The manometer indicates the total pressure change between (1) and (2): 





=11.55 ft; z,—z, =10tan30°=5.77 ft, Open 1” globe valve: K ~ 13 





Pi — P2 = (Pmerc — Pw Zh + Py gAz = (13.6 Dea| Z) +62.4(5.77) = 819 psf 


The energy equation yields 





- v? [11.55 819 Ibf/ft? 
Pi P? L Az+he +h = 5.774 f +13 |x : 
Pg 2(32.2)| 1/12 62.4 Ibf/ft 
Vw 2(32.2)(7.35) 
(139f+13) ` 

Rapid convergence to f ~ 0.0217, V ~ 5.44 fi/s, Q = V(/4)(1/12) ~ 0.0296 ft?/s. Ans. 
[NOTE that the manometer reading of 7 inches exactly balances the friction losses, and 

the hydrostatic pressure change pgAz cancels out of the energy equation.] 


Guess f =% 0.02, V ~ 5.48 t Re ~ 42400, f ey = 0.0217 
s 


> “new 





6.107 In Fig. P6.107 the pipe is galvanized iron. Estimate the percentage increase in the 
flow rate (a) if the pipe entrance is cut off flush with the wall and (b) if the butterfly valve 
is opened wide. 





D=Scem,L=2m 





—~> Open jet 





Butterfly valve 
at 30° 


Fig. P6.107 
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Solution: For water at 20°C, take p = 998 kg/m? and w= 0.001 kg/m-s. For galvanized 
iron, take ¢ = 0.15 mm, hence é/d = 0.003. First establish minor losses as shown: 


Protruding entrance (Fig. 6.21a), = #1.2, Ke1; 


Butterfly @ 30° (Fig 6.19) K ~ 80 +20 


The energy equation, with p1 = p2, yields: 


2 2 2 
Az ie X 1+fE+5K y t+r(-2-]+10+80+20|= 
2g 2g d 2(9.81) 0.05 











Guess f=~0.02, V=1.09 ©, Re~ 54300, l = 0.003, 
S 


Few = 0.0284, Vye =1.086 Z 
s 
Thus the “base” flow, for our comparison, is Vo ~ 1.086 m/s, Qo ~ 0.00213 m? /s. 


If we cut off the entrance flush, we reduce Kent from 1.0 to 0.5; hardly a significant 
reduction in view of the huge butterfly valve loss Kvalve ~ 80. The energy equation is 





2 
=—V _[1+40f+0.5+80+20], solve V~1.090 ™, 
2(9.81) s 


3 


Q=0.00214 ™- (0.3% more) Ans. (a) 
sS 


If we open the butterfly wide, Kvalve decreases from 80 to only 0.3, a huge reduction: 


2 


m= [1+40f+1.0+0.3], solve V=5.4 ®, 
2(9.81) s 


3 


Q=0.0106 ™— (5 times more) Ans. (b) 
sS 





Obviously opening the valve has a dominant effect for this system. 





6.108 The water pump in Fig. P6.108 maintains a pressure of 6.5 psig at point 1. There 
is a filter, a half-open disk valve, and two regular screwed elbows: There are 80 ft of 
4-inch diameter commercial steel pipe. (a) If the flow rate is 0.4 fe /s, what is the loss 
coefficient of the filter? (b) If the disk valve is wide open and Kfilter = 7, what is the 
resulting flow rate? 
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Fig. P6.108 


Solution: For water, take p = 1.94 slug/ft? and u = 2.09F-5 slug/ft-s. The energy 
equation is written from point 1 to the surface of the tank: 


fL 
Z2 t +K, ye t Ki er t 2K, OW t Koi 
2 2g [ D valv filt Lb 2 1 


Pv Pe Me My 

pg 2g " pg 28 
(a) From the flow rate, V1 = Q/A = (0.4 £3/s)/[(70/4)(4/12 ft)" = 4.58 ft/s. Look up minor 
losses and enter into the energy equation: 


(6.5)(144) Ibf/ft? (4.58 ft/s)” a 
62.4 Ibf/ft* 2(32.2 ft/s”) 


(4.58) f 80 ft 
2(32.2)|° (4/12 ft) 








=0+0+9 ft 2.8 +K finer + 2(0.64)+1 


We can solve for Kfilter if we evaluate f. Compute ReD = (1.94)(4.58)(4/12)/(2.09E-5) = 
141,700. For commercial steel, sD = 0.00015 ft/0.333 ft = 0.00045 and V’/2g = 0.326 ft. 
From the Moody chart, f~ 0.0193, and fL/D = 4.62. The energy equation above becomes: 


15.0 ft+ 0.326 ft=9 ft+0.326(4.62+2.8+ Ky 
Solve Keiter # 9-7 Ans. (a) 


+1.28+1) ft, 


Iter 


(b) If Kfilter = 7.0 and V is unknown, we must iterate for the velocity and flow rate. The 
energy equation becomes, with the disk valve wide open (KValve ~ 0): 








2 2 
15.0 ft+ . 9 ft + E [7240470412841] 
2(32.2) 2(32.2) C 1⁄3 


Iterate to find f 0.0189, Rep, =169,000, V =5.49 ft/s, 
Q=AV=0.48 ft?/s Ans. (b) 
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6.109 In Fig. P6.109 there are 125 ft of SZ] gievation 100 f 
2-in pipe, 75 ft of 6-in pipe, and 150 ft of = 

3-in pipe, all cast iron. There are three 
90° elbows and an open globe valve, all 


flanged. If the exit elevation is zero, what ih 


globe 








an Turbine 
horsepower is extracted by the turbine : FN 
when the flow rate is 0.16 ft”/s of water at 7 JN 
20°C? 6in = 
Fig. P6.109 


Solution: For water at 20°C, take p = 1.94 slug/ft? and w= 2.09E-S slug/ft-s. For cast 
iron, €* 0.00085 ft. The 2”, 6”, and 3” pipes have, respectively, 


(a) L/d=750, #d=0.0051; (b) L/d=150, ed =0.0017; 
(c) L/d= 600, ed = 0.0034 
The flow rate is known, so each velocity, Reynolds number, and f can be calculated: 


0.16 zf 1.94(7.33)(2/12) 


= 7 #733 —; Re, =113500, f, ~ 0.0314 
m(2/12)°/4 2.09E-5 


Also, V,, =0.82 ft/s, Re, =37800, f, + 0.0266; V, =3.26, Re, = 75600, f, ~ 0.0287 
Finally, the minor loss coefficients may be tabulated: 
sharp 2” entrance: K=0.5; three 2” 90° elbows: K = 3(0.95) 
2” sudden expansion: K ~ 0.79; 3” open globe valve: K = 6.3 


The turbine head equals the elevation difference minus losses and the exit velocity head: 


h, =Az-}h;- 2 hn -Vi/(2g) 





2 
-100— (7.33) 


0.0314(750) + 0.5 + 3(0.95) + 0.79 
232.2)" (750) (0.95) ] 








2 2 
_ 0:82)" 00260050- 28 


[0.0287(600) +6.3+1] ~ 72.8 ft 
2(32.2) 2(32.2) 


The resulting turbine power = pgQht = (62.4)(0.16)(72.8) + 550 = 1.32 hp. Ans. 
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6.110 In Fig. P6.110 the pipe Earance is 
sharp-edged. If the flow rate is 0.004 m 3/s, 
what power, in W, is extracted by the 
turbine? 


Open globe 
Turbine valve 








Cast iron: 
L=125m,D=5cm 


Solution: a Eor water at 20°C, take p = Fig. P6.110 


998 kg/m? and w = 0.001 kg/m-s. For 
cast 
iron, € = 0.26 mm, hence é/d = 0.26/50 ~ 0.0052. The minor loss coefficients are 
Entrance: K ~ 0.5; 5-cm(*2”) open globe valve: K = 6.9. 
The flow rate is known, hence we can compute V, Re, and f: 
Q 0004 m _ 998(2.04)(0.05) 


5 i , Re 
A (#/4)(0.05) s 0.001 





= 102000, f%=~ 0.0316 


The turbine head equals the elevation difference minus losses and exit velocity head: 


2 2 
h, =Az-h;- Zh, -V =40- E09 
2g 2(9.81) 


Power = pgQh, = (998)(9.81)(0.004)(21.5) ~ 840 W Ans. 





foo 316)( sz }+05+6941|~21.5 m 





6.111 For the parallel-pipe system of D=3in L = 250 ft 


Fig. P6.111, each pipe is cast iron, and the 
pressure drop p1 -p2 = 3 lbf/in?. Compute =e zs 
the total flow rate between 1 and 2 if the 


fluid is SAE 10 oil at 20°C. 
Fig. P6.111 


Solution: For SAE 10 oil at 20°C, take p = 1.69 slug/ft? and u = 0.00217 slug/ft-s. For 
cast iron, ¢ = 0.00085 ft. Convert Ap = 3 psi = 432 psf and guess laminar flow in each: 


2:128uL,Q, 128(0.00217)(250)Q, 
a= 3 =432 = 7 3 
md, m(3/12) 
ft? 
Q, ~ 0.0763 —: Check Re ~ 300 (OK) 
s 


9 
fe ee one aeoo LTA 
zdy m 
3 


ft 
Q, =~ 0.0188 A Check Re +112 (OK) 
The total flow rate is Q=Q, +Q, = 0.0763 + 0.0188 = 0.095 ft?/s. Ans. 
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6.112 If the two pipes in Fig. P6.111 are instead laid in series with the same total 
pressure drop of 3 psi, what will the flow rate be? The fluid is SAE 10 oil at 20°C. 


Solution: For SAE 10 oil at 20°C, take p = 1.69 slug/ft? and w= 0.00217 slug/ft-s. 
Again guess laminar flow. Now, instead of Ap being the same, Qa = Qb = Q: 
128uL,Q _ 1284L,Q _128(0.00217) | 250 200 | 


Ap, + Ap, = 432 psf = 
Pa + APp p BADÉ 2/124 


4 4 
ad, ad, m 


Solve for Q ~ 0.0151 ft?/s Ans. Check Re, ~ 60 (OK) and Re, ~90 (OK) 


In series, the flow rate is six times less than when the pipes are in parallel. 





6.113 The parallel galvanized-iron pipe Ly = 60 m, Dy =5em 
system of Fig. P6.113 delivers Water at 

20°C with a total flow rate of 0.036 m/s. If 
the pump is wide open and not running, with 
a loss coefficient K = 1.5, determine (a) the 
flow rate in each pipe and (b) the overall 
pressure drop. 






ee o= 0.036 m?/s 


L,=55m,D,=4cm 


Fig. P6.113 


Solution: For water at 20°C, take p = 998 kg/m? and = 0.001 kg/m-s. For galvanized 
iron, €= 0.15 mm. Assume turbulent flow, with Ap the same for each leg: 


2 2 
a =hp +hyp -Elp bas), 
d, 2 2g 


and Q,+Q,= eae + (2/4)d5V> = Qiotat = 0-036 m3/s 





h, =f 


When the friction factors are correctly found from the Moody chart, these two equations 
may be solved for the two velocities (or flow rates). Begin by guessing f ~ 0.020: 


60) Wy i 
oo|) ewe fo. oas} solve for V, ~1.10V, 








0.05) 2(9.81)  2(9.81) 


then 4 (0.05)°(1.10V,) + (0.04)-V, =0.036. Solve V; *10.54 —, V, ¥11.59 — 
S S 


Correct Re; ~ 578000, f, ~ 0.0264, Re, =~421000, f, ~0.0282, repeat. 
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The 2nd iteration converges: f1 ~ 0.0264, V1 = 11.69 m/s, f2 ~ 0.0282, V2 = 10.37 m/s, 
Qi =AIV1 = 0.023 m3/s, Q2 = A2V2 = 0.013 m/s. Ans. (a) 


The pressure drop is the same in either leg: 





L oV? [LL \ pve 
Ap =f, —~ 4+ =| f, 44+15)—4% 
p=t (2q 2 


=2.16E6 Pa Ans. (b) 
d, 2 





*P6.114 A blower supplies standard air to a plenum that feeds two horizontal square sheet- 
metal ducts with sharp-edged entrances. One duct is 100 ft long, with a cross-section 6 in by 6 in. 
The second duct is 200 ft long. Each duct exhausts to the atmosphere. When the plenum 
pressure is 5.0 Ibf/ft? gage, the volume flow in the longer duct is three times the flow in the 
shorter duct. Estimate both volume flows and the cross-section size of the longer duct. 


Solution: For standard air, in BG units, take p = 0.00238 slug/ft® and w= 3.78E-7 slug/ft- 


sec. For sheet metal, take ¢= 0.00016 ft. The energy equation for this case is 


2 

p V; p V. 
D ae ta = Z H A Z2 t hy + Neniinc > Or: 

2 8 


& PE 





1 L 
A = 5 pV?’ (A+ fa tem) where K sray-edged ~ 05 
h 


We have abbreviated the duct velocity to V, without a subscript. For a square duct, the hydraulic 


diameter is the side length of the square. First compute the flow rate in the short duct: 





3 a 
lbf 0.00238 slug / ft E 100Ft 9.5), f = forRep, ©) 


5.0 
ft 2 0.5 ft D, 


The Reynolds number for the short duct is Re = (0.00238)V(0.5)/(3.78E-7) = 3148V, 
and 6/D, = 0.0001 6ft/0.5ft = 0.00032. The solution is 


L=100 ft: Rep = 87,000; f = 0.0200 ; V = 27.7 fils: Oston = 6.92ft 7/s 
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For the longer duct, Re = (0.00238)VDy /(3.78E-7), and Dp = 0.0001 6ft/Dp. We don’t 
know Dy and must solve to make Qiong = 3Qshort. The solution is 


L=200 ft: Rep, = 150,000 ; f = 0.0177 ; V = 27.5 ft/s ; Qing = 20.75 fels 
Solve for Dy jong = 0.87ft Ans. 


NOTE: It is an interesting numerical quirk that, for these duct parameters, the velocities 


in each duct are almost identical, regardless of the magnitude of the pressure drop. 





6.115 In Fig. P6.115 all pipes are 8-cm-diameter cast iron. Determine the flow rate 
from reservoir (1) if valve C is (a) closed; and (b) open, with Kvalve = 0.5. 


@)z=25m 


Water 
at 20°C 








Fig. P6.115 


Solution: For water at 20°C, take p = 998 kg/m? and = 0.001 kg/m-s. For cast iron, ¢~ 
0.26 mm, hence é/d = 0.26/80 ~ 0.00325 for all three pipes. Note pl = p2, V1 = V2 ~ 0. 
These are long pipes, but we might wish to account for minor losses anyway: 


sharp entrance at A: K1 ~ 0.5; line junction from A to B: K2 ~ 0.9 (Table 6.5) 


branch junction from A to C: K3 ~ 1.3; two submerged exits: KB = Kc ~ 1.0 
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If valve C is closed, we have a straight series path through A and B, with the same flow 
rate Q, velocity V, and friction factor fin each. The energy equation yields 


Z,— Z) =ha + Uh ya the + Xhyp, 





2 
e mae [e 1000540948 = 41.0|, where f= fen(Re,£) 
29.81). 0.08 0.08 d 


Guess f ~ f fully rough 0.027, then V = 3.04 m/s, Re ~ 998(3.04)(0.08)/(0.001) ~ 243000, 
ed = 0.00325, then f ~ 0.0273 (converged). Then the velocity through A and B is V = 
3.03 m/s, and Q = (7/4)(0.08)?(3.03) ~ 0.0152 m3/s. Ans. (a). 

If valve C is open, we have parallel flow through B and C, with QA = QB + QC and, with 
d constant, VA = VB + VC. The total head loss is the same for paths A-B and A-C: 











Z= Z, =hħa +} hmas thm tÈ hng = he +È hma-c the tÈ hnc 


2 2 
or: 25=—VA [s 100 0540.9 |+— fo A TO 
2(9.81) 0.08 2(9.81) 0.08 


2 2 
A fs 199 i54 13}: Ve fo 70 10 
2(9.81)| * 0.08 2(9.81) | * 0.08 


plus the additional relation VA = VB + VC. Guess f * ffully rough ~ 0.027 for all three 
pipes and begin. The initial numbers work out to 








2g(25) = 490.5 = Va (1250f, +1.4)+ Vj (625f +1) = Va (1250, +1.8)+ Vo(875f +1) 
If f ~ 0.027, solve (laboriously) V, ~3.48 m/s, Vz ~ 1.91 m/s, V. ~1.57 m/s. 


Compute Re, =278000, f, 0.0272, Reg =153000, fx = 0.0276, 
Reg =125000, f =0.0278 


Repeat once for convergence: VA ~ 3.46 m/s, VB = 1.90 m/s, VC ~ 1.56 m/s. The flow 
rate from reservoir (1) is QA = (7/4)(0.08)7(3.46) ~ 0.0174 m/s. (14% more) Ans. (b) 





6.116 For the series-parallel system of Fig. P6.116, all pipes are 8-cm-diameter 
asphalted cast iron. If the total pressure drop p1 — p2 = 750 kPa, find the resulting flow 
rate Q m?/h for water at 20°C. Neglect minor losses. 
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Solution: For water at 20°C, take p = 998 kg/m? and y= 0.001 kg/m-s. For asphalted 
cast iron, £ ~ 0.12 mm, hence #d = 0.12/80 = 0.0015 for all three pipes. The head loss is 
the same through AC and BC: 


L=250m 






150 m 


Fig. P6.116 





2 2 2 2 
EP Go ei, heey ) ce ) ce ce 
Pg d 2g), d 2g Je d 2g), d 2g Jo 
Since d is the same, VA + VB = VC and fA, fB, fC are found from the Moody chart. 
Cancel g and introduce the given data: 


750000 _ „ 250 Va „¢ 150 vé 100 Vz __, 150 Vè 
998  ^ĉ0.08 2 © 608 2 0.08 2 608. 3.” 








Va + Vg = Ve 


Guess fiouzh ¥ 0.022 and solve laboriously: V, ~ 2.09 = Vz ¥3.31 = Vo = 5.40 a 
s s s 


Now compute Rea ~ 167000, fa ~ 0.0230, ReB ~ 264000, fB = 0.0226, Rec ~ 431000, 
and fC ~ 0.0222. Repeat the head loss iteration and we converge: VA ~ 2.06 m/s, VB = 
3.29 m/s, VC = 5.35 m/s, Q = (7/4)(0.08)2(5.35) ~ 0.0269 m3/s. Ans. 





6.117 A blower delivers air at 3000 m3/h to the duct circuit in Fig. P6.117. Each duct is 
commercial steel and of square cross-section, with side lengths a1 = a3 = 20 cm and a2 = 
a4 = 12 cm. Assuming sea-level air conditions, estimate the power required if the blower 
has an efficiency of 75%. Neglect minor losses. 
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Solution: For air take p = 1.2 kg/m? and u = 1.8E-5 kg/m-s. Establish conditions in 
each duct: 


6) 


@)| | 30m 


Q 
Blower 40m 


Fig. P6.117 


3 3 
s 2m 





2 1.8£-5 


_ 0.833 m*/s 
(0.12 my’ 
For commercial steel (Table 6.1) ¢= 0.046 mm. Then we can find the two friction factors: 


£| _ 0.046 
D'S” 200 


0.046 
jhe "a0. = 0.000383; Re,g4 = 463000; Moody chart: figs = 0.0170 


_ 1.2(57.8)(0.12) 


=57.8 m/s; Reyg4 = ices = 463,000 


2&4 


= 0.00023; Reig, =278000; Moody chart: fig, = 0.0166 


Cot pv? \ 
Then Ape =| S == 
l D 2 1&3 


(L pv? \ 
and Apg, =| f == 
2&4 ( Dee 


(1.2)(20.8)° 
2 
60 ) (1.2)(57.8)° 


= (0.0170 pe 
( ) 0.12 2 


= ooro) =1730 Pa 
0.2 
= 17050 Pa 


The total power required, at 75% efficiency, is thus: 





Power = =20900 W Ans. 


QAp (0.833 m?/s)(1730+17050 Pa) 
n 0.75 
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*6.118 For the piping system of Fig. P6.118, all pipes are concrete with a roughness 
of 0. oe inch. Neglecting mimor losses, compute the overall pressure drop p1 — p2 in 
Ibf/in?. The flow rate is 20 ft?/s of water at 20°C. 


Solution: For water at 20°C, take p = 1.94 slug/ft? and = 2.09E-5 slug/ft-s. Since the 
pipes are all different make a little table of their respective L/d and é/d: 


D=8in 


b L = 1500 ft 
2 
D=12in a D=12in 
<= A = 7 3 
L = 1000 ft sem ft 
S d D=15in 
L= 1200 ft 


Fig. P6.118 








@ L=1000f d=12in, L/d= 1000, ad= 0.00333 


(b) 1500 ft 8 in 2250 0.00500 
(c) 800 ft 12 in 800 0.00333 
(d) 1200 ft 15 in 960 0.00267 


With the flow rate known, we can find everything in pipe (a): 


fi Oe pn ass f pe -1942550 


t A, (mA F s?  ĉ  2.09E-5 





=2.36E6, f, ~ 0.0270 
Then pipes (b,c,d) are in parallel, each having the same head loss and with flow rates 
which must add up to the total of 20 ft/s: 


8f L, Q? 8f. L Q? 8f, L Q? ? 
b Q hE c & hg = d Qa, and Q,+0,+0,=20 © 
mgd? mgd, s 





h. a 
® mgd 
Introduce Lb, db, etc. to find that Qc = 3.77Qb(fb/fe) 2 and Qa = 5.38Qb(fb/fa) !/2 


Then the flow rates are iterated from the relation 


3 
XQ =20 i Q,[1+3.77(f,/f))? +5.38(f,/£,))7] 
S 


First guess: f, =f, =f: Q, =1.97 f?/s; Q, =7.43 ?/s; Q, ~10.6 fi'/s 


Improve by computing Reb ~ 349000, fb ~ 0. 0396. Rec = S780) fe ~ 0.0271, Red & z 
1002000, fd = 0.0255. Repeat to find Qb ~ 1.835 ft?/s, Qc = 7.351 ft/s, Qa ~ 10.814 ft/s. 


524 Solutions Manual e Fluid Mechanics, Seventh Edition 


Repeat once more and quit: Qb = 1.833 ft?/s, Qe = 7.349 ft?/s, Qa = 10.819 £/s, from 
which Vb ~ 5.25 ft/s, Vc = 9.36 ft/s, Vd 8.82 ft/s. The pressure drop is 





L, PV? L, oV? 

=Ap, +Ap, =f, 4 +f -2 

Pı ~ P2 Pa + APh ad ?2 bd, 7 
lbf 
=17000 +1800 ~ 18800 psf ~ 131 T Ans. 
In 


a 





P6.119 For the system of Prob. P6.111, again let the fluid be SAE 10W oil at 20°C, 
with both pipes cast iron. If the flow rate in the 2-inch pipe (b) is 3.0 ft’/min, estimate the 


flow rate in the 3-inch pipe (a), in ft/min. 
D=3in L=250 ft 





Solution: For SAE 10W oil at 20°C, p = 1.69 slug/ft and u = 0.00219 slug/ft-s. The oil 
is pretty viscous and the flow rate small, so we think Reps will be laminar: 


_ pV,D, _ 420, _ 4(1.69)(3.0/60) 








Rep, = 295 < 2300 Yes, Laminar 
u z uD, z(0.00219)(2/12) 
4 . i 
If we need it, V, = 12 = OA E gA 
z D; (2/12 ft) s 


For laminar flow, compute the pressure drop Ap, from Eq. (6.12) and set it equal to Ap«: 


_ 128 uL, Q, 128(0.00219)(200)(3/ 60) 








Ap = = 1156 Pa 
i xDs n(2/12)4 
128 wL, 128(0.00219)(250 
Parallel Pipes: Ap, = Ap, =1156= 4 aa = ( ue 1a 
zD z (3112) 
3 43 
Solve for Q, = 0.2025 Ê = 12.2 Ans. 
Ss min 


Check Re, = 490/(7D,) = 4(1.69)(0.2025)/[2(0.00219)(0.25)] = 796 Yes, laminar also. 
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6.120 Three cast-iron pipes are laid in parallel with these dimensions: 


Pipe 1: Lı = 800 m d1 = 12 cm 
Pipe 2: L2 = 600 m d2 = 8 cm 
Pipe 3: L3 = 900 m d3 = 10 cm 


The total flow rate is 200 m7/h of water at 20°C. Determine (a) the flow rate in each pipe; 
and (b) the pressure drop across the system. 


Solution: For water at 20°C, take p = 998 kg/m? and = 0.001 kg/m-s. For cast iron, ¢= 
0.26 mm. Then, é/d1 = 0.00217, &d2 = 0.00325, and «/d3 = 0.0026. The head losses are 
the same for each pipe, and the flow rates add: 


í ? 8AL 200 
h,= BAbO, _8 Salas E Is Q ; and Q,+0,+0,= m? 
a gd; z gd; m gd} 3600 s 








Substitute and combine: Q,[1+0.418(4,/f,)'? +0.599(f;/ ss = 0.0556 m/s 


We could one go directly to EES or begin by guessing fi = f3, which gives Q1 = 
0.0275 m 3/s, Q2 = 0.0115 m 3/s, and Q3 = 0.0165 m”/s. a is very close! Further 
iteration gives 


Re, = 298000, f; = 0.0245; Re, =177000, f, = 0.0275; Re, = 208000, f, = 0.0259 
O, = 0.0281 m7/s, OQ, =0.0111m*/s, and QO, =0.0163 m*/s_ Ans. (a) 
h,=51.4m, Ap=pgh, = (998 kg/m*)(9.81 m/s*)(51.4 m) = 503,000 Pa Ans. (b) 





6.121 Consider the three-reservoir system 

of Fig. P6.121 with the following data: 
=95m L12=125m L3=160m 
=25m 22=115m 23=85m 

All pipes are 28-cm-diameter unfinished 


concrete (£ = 1 mm). Compute the steady 
flow rate in all pipes for water at 20°C. Fig. P6.121 
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Solution: For water at 20°C, take p = 998 kan. and = 0.001 kg/m-s. All pipes have 
é/d = 1/280 = 0.00357. Let the intersection be “a.” The head loss at “a” is desired: 


L, V? L, V3 L, V 
—h, Star og Bie Pe z,-h, =f,— 
d, 2 d, 2g d; 2g 
plus the requirement that Q1 + Q2+Q3=0 or, for same d, V1 + V2 + V3 =0 


We guess ha then iterate each friction factor to find V and Q and then check if XQ = 0. 


2 
2 a Vi solve fi =0.02754, V, x -10.25 ™ 
0.28/ 2(9.81)’ s 


Similarly, 115-75 = f, (125/0.28 VŽ/2(9.81 gives f, ~ 0.02755. V, = +7.99 
y: 2 2 2 2 





h, =75m: 25-75= os=s( 


and 85-75= £,(160/0.28)| V3 /2(9.81) | 


gives f, ~ 0.02762, V,~+3.53 È, YV=41.27 
S 


Repeating for ha=80m_ gives V1 =—10.75, V2 = +7.47, V3 = +2.49 m/s, ŁV = —0.79. 
Interpolate to ha 78m, gives V1 =—10.55 m/s, V2 = +7.68 m/s, V3 = +2.95 m/s, or: 


Q1 =-0.65 m3/s, Q2=+0.47 m?/s, Q3=40.18 m/s. Ans. 





6.122 Modify Prob. 6.121 by reducing the diameter to 15 cm, with ¢= 1 mm. Compute 
the flow rate in each pipe. They all reduce, compared to Prob. 6.121, by a factor of about 
5.2. Can you explain this? 


Solution: The roughness ratio increases to e/d = 1/150 = 0.00667, and all L/d’s increase. 
Guess ha = 75 m: converges to f1 = 0.0333, f2 = 0.0333, f4 = 0.0334 


and V1 -6.82 m/s, V2 %+5.32 m/s, V3 %+2.34 m/s, ÈV ~+0.85 


We finally obtain ha~78.2m, giving V1 =-7.04 m/s, V2=+5.10 m/s, V3=+1.94 
m/s, 


or: Q1=-0.124 m3/s, Q2=+0.090 m?/s, Q3=+0.034 m/s. Ans. 





*6.123 Modify Prob. 6.121 as follows. Let z3 be unknown and find its value such that 
the flow rate in pipe 3 is 0.2 m?/s toward the junction. (This problem is best suited for 
computer iteration or EES.) 


Chapter 6 e Viscous Flow in Ducts 527 


Solution: For water at 20°C, take p = 998 kg/m? and w= 0.001 kg/m-s. All pipes have 
éld = 1/280 = 0.00357. Let the intersection be “a.” The head loss at “a” is desired for each 
in order to check the flow rate in pipe 3. 


In Prob. 6.121, with z3 = 85 m, we found Q3 to be 0.18 m?/s toward the junction, pretty 
close. We repeat the procedure with a few new values of z3, closing to 1}Q = 0 each time: 


Guess z, =85m: h,=78.19m, Q,=-0.6508, Q, =+0.4718, Q; =+0.1790 m’/s 


90 m: 80.65 m, — 0.6657, + 0.6657, +0.2099 m?/s 
Interpolate: h, ~ 79.89, Q, =-0.6611, 


Q, ~ +0.4608, Q, = +0.200 m?/s, z,~88.4m Ans. 











6.124 The three-reservoir system in 
Fig. P6.124 delivers water at 20°C. The 
system data are as follows: 


z2 = 100 ft 


D1 =8in D2=6in D3=9 in 
£1=1800 ft Z2= 1200 ft L3=1600ft 


All pipes are galvanized iron. Compute the 
flow rate in all pipes. 





Fig. P6.124 


Solution: For water at 20°C, take p = 1.94 slug/ft? and us = 2.09E-S slug/ft-s. For 
galvanized iron, take ¢= 0.0005 ft. Then the roughness ratios are 


é/d, =0.00075 ed, =0.0010 ed, = 0.00667 
Let the intersection be “a.” The head loss at “a” is desired: 


fL, V? bL, VŽ $L, V? 
ea a A a a E E S E OE 
d, 2g d, 2g d, 2g 





Z7 
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We guess ha then iterate each friction factor to find V and Q and then check if XQ = 0. 


fi (1800)V? 


Guess h, =50 ft: 20-50 = (-)30 ft = ‘ 
(8/12)2(32.2) 


solve f, =0.0194, v,=-6.09 Ê 
S 


Similarly, £, = 0.0204, V, ~ +8.11 ft/s and of course V; =0. Get XQ = -0.54 ft/s 
Try again with a slightly lower ha to reduce Q1 and increase Q2 and Q3: 


ft i 
h, =48 ft: converges to Q; =-2.05 —, Q,=+1.62 —, 
s s 


ft? 
Q; =+0.76 —, È Q= +0.33 
s 
Interpolate to 


h, =49.12 ft: Q, =-2.09 ft°/s, Q, =+1.61ft°/s, Q, =+0.49 ft?/s Ans. 





6.125 Suppose that the three cast-iron 1 
pipes in Prob. 6.120 are instead connected (1) (2) 
to meet smoothly at a point B, as shown in 
Fig. P6.125. The inlet pressures in each 
pipe are: pl = 200 kPa; p2 = 160 kPa; p3 = 
100 kPa. The fluid is water at 20°C. 
Neglect minor losses. Estimate the flow 
rate in each pipe and whether it is toward 
or away from point B. 





L, = 600 m 
L, = 800 m D, = 0.08 m 


D; = 0.12 m 





Solution: For water take p= 998 kg/m? (3) 

and u = 0.001 kg/m-s. The pressure at point Fig. P6.125 

B must be a known (constant) value which 

makes the net flow rate equal to zero at junction B. The flow clearly goes from (1) to B, 
and from B to (3), but we are not sure about pipe (2). For cast iron (Table 6.1), ¢= 0.26 mm. 
Each pipe has a flow rate based upon its pressure drop: 


LY; ae 
L, we s ah L, 


3 IPs ~Pal= hi 2 > 
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where the f’s are determined from the Moody chart for each pipe’s &D and ReD. The 
correct value of pB makes the flow rates Qi = (n/4)Di2 Vi balance at junction B. EES is 
excellent for this type of iteration, and the final results balance for pB = 166.7 kPa: 


f, = 0.0260; Re, =74300; «/D, =0.00217; Q, =+0.00701 m?/s (toward B) 
fy =0.0321; Re, =18900; #/D, =0.00325; Q, =—0.00119 m?/s (away from B) Ans. 


J, =0.0270; Re; = 74000; «/D; =0.00260; Q, =—0.00582 m?/s (away from B) 





*6.126 Modify Prob. 6.124 as follows. Let all data be the same except that pipe 1 is 
fitted with a butterfly valve (Fig. 6.195). Estimate the proper valve opening angle (in 
degrees) for the flow rate through pipe | to be reduced to 1.5 f?/s toward reservoir 1. 
(This problem requires iteration and is best suited to a digital computer or EES.) 


Solution: For water at 20°C, take p = 1.94 slug/ft? and ws = 2.09E-4 slug/ft-s. For 
galvanized iron, take ¢= 0.0005 ft. Then the roughness ratios are 


é/d, =0.00075 ed, =0.0010 ed, = 0.00667 


For a butterfly valve loss coefficient “K” (to be found). Let the junction be “J.” The head 
loss at “J” is desired and then to be iterated to give the proper flow rate in pipe (1): 


2 2 
mk ahan] 
2g\ d 2g\ d/, 


1 

2 

Ne A ; and Q +Q, +Q, =0 
2g\ d/, 


We know z1 = 20 ft, z2 = 100 ft, and z3 = 50 ft. From Prob. 6.124, where K = 0, the flow 
rate was 2.09 ft*/s toward reservoir 1. Now guess a finite value of K and repeat: 


—h, 


K=40: converges to h, =50.0, Q,=-1.59 ft?s, Q, =+1.59 ft/s; Q,~0 
K=50: converges to h, = 50.03 ft, Q,=-1.513  Q,=+1.591 Q,=-0.078 
K=52: gives h, = 50.04 ft, Q, =—1.500 ft?/s Q,=1.591 Q;=-0.091 Ans. 


From Fig. 6.19b, a butterfly valve coefficient K ~ 52 occurs at Opening ~ 35°. Ans. 





*6.127 In the five-pipe horizontal network of Fig. P6.127, assume that all pipes have a 
friction factor f= 0.025. For the given inlet and exit flow rate of 2 ft?/s of water at 20°C, 


530 Solutions Manual e Fluid Mechanics, Seventh Edition 


determine the flow rate and direction in all pipes. If p4 = 120 lbf/in? gage, deter-mine the 
pressures at points B, C, and D. 


Solution: For water at 20°C, take p= 1.94 slug/ft? and u = 2.09FE-5 slug/ft-s. Each pipe 
has a head loss which is known except for the square of the flow rate: 


d=8in 2 ft/s 





s 4000 ft ——>- 
Fig. P6.127 
8FLQ? ; _ 8(0.025)(3000)Qac _ 





Pipe AC: hy = K,x-Qic, where Kyo = 60.42 
p f ACRAC AC 


mgd’ lc 7 (32.2)(6/12)° 


( ft? ) 
Similarly, K x =19.12, Kyo =13.26, Kop =19.12, Kgp =1933. [Qin a] 
S 


There are two triangular closed loops, and the total head loss must be zero for each. 
Using the flow directions assumed on the figure P6.127 above, we have 


Loop A-B-C: 19.12Q4 +13.26Q}c — 60.42Q4.. =0 
Loop B-C-D: 13.26Qic¢ +19.12Q2p —1933.0Q%p = 0 


And there are three independent junctions which have zero net flow rate: 


Junction A: Qag +Qac =2.0; B: Qag =QgctQgp; C: QactQpe = Qep 


These are five algebraic equations to be solved for the five flow rates. The answers are: 


ft? 
Qar =1.19, Qac =0.81, Qpc =0.99, Qep =1.80, Qep =0.20 — Ans. (a) 
S 


The pressures follow by starting at A (120 psi) and subtracting off the friction losses: 
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Pe = Pa -PEK apQip = 120 x 144 —62.4(19.12)(1.19)? 


Pp =15590 psf +144 = 108 2 
in 


Similarly, pç +103 psi and p,~76psi Ans. (b) 





*6.128 Modify Prob. 6.127 above as follows: Let the inlet flow at A and the exit flow at 
D be unknown. Let pA — pB = 100 psi. Compute the flow rate in all five pipes. 


Solution: Our head loss coefficients “K” from above are all the same. Head loss AB is 
known, plus we have two “loop” equations and two “junction” equations: 


Pa —Pge _ 100x144 


pg 62.4 =231 ft= K aBQås = 19.12Q4p; or Qap =3.47 ft?/s 


Two loops: 231+ 13.26Qi¢ — 60.42Q}c =0 


13.26Qĝc +19.12Q2p —1933.0Q2p = 0 
Two junctions: QAB = 3.47 = QBC + QBD; QAC + QBC = QCD 


The solutions are in exactly the same ratio as the lower flow rates in Prob. 6.127: 


ft? ft? ft? 
Qap =3.47 —, Qec=2.90 —, Qpan =0.58 —, 
S S S 





ft? ft? 
Qcp =5.28 —, Qac =2.38 — Ans. 
s s 





6.129 In Fig. P6.129 all four horizontal 
cast-iron pipes are 45 m long and 8 cm in 
diameter and meet at junction a, delivering 
water at 20°C. The pressures are known at 
four points as shown: 


p1=950kPa p2=350 kPa 
p3=675kPa  p4= 100 kPa 





Neglecting minor losses, determine the flow 
rate in each pipe. 


Fig. P6.129 
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Solution: For water at 20°C, take p = 998 kg/m? and u = 0.001 kg/m-s. All pipes are 
cast iron, with ed = 0.26/80 = 0.00325. All pipes have L/d = 45/0.08 = 562.5. One 
solution method is to guess the junction pressure pa, iterate to calculate the friction 
factors and flow rates, and check to see if the net junction flow is zero: 

50000 — í 
= 500000 _ 45.96 m= HDR 

998(9.81) m gd; 

then guess f, ~ 0.02, Q,=0.045 m’/s, Re, =40Q,/(zud,)=715000, f_., = 0.0269 


converges to fi + 0.0270, Q, ~ 0.0388 m°/s 
3 


Iterate also to Q, =-0.0223 ™— (away froma), Q, =0.0241, Q, = -0.0365 
S 


Guess p, =500 kPa: hg = 1.135E6f,Q7 





XQ =+0.00403, so we have guessed p, a little low. 


Trying pa = 530 kPa gives 1Q = —0.00296, hence iterate to pa » 517 kPa: 
3 3 
Q, = +0.0380 ™— (toward a), Q, =-0.0236 ~~, 
s s 
3 


3 
Q, =+0.0229 “-, Q, =-0.0373 Ans. 
S S 





*6.130 In Fig. P6.130 lengths 4B and BD o3 ca 7 0.5 ft'/s 
are 2000 and 1500 ft, respectively. The 
friction factor is 0.022 everywhere, and py 
= 90 lbf/in? gage. All pipes have a diameter 
of 6 in. For water at 20°C, determine the 
flow rate in all pipes and the pressures at 
points B, C, and D. 





2.0 ft/s 1.0 ft/s 
Fig. P6.130 


Solution: For water at 20°C, take p= 1.94 slug/ft? and u = 2.09FE-5 slug/ft-s. Each pipe 
has a head loss which is known except for the square of the flow rate: 


8fLQ? _ 8(0.022)(1500)Qic 


Pipe AC: hy = =LA AK Qc, where Kic © 26.58 
p f mgd 7°(32.2)(6/12)° acQac oS 





Similarly, KAB = KCD = 35.44, KBD = 26.58, and KBC = 44.30. 
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The solution is similar to Prob. 6.127, except that (1) the K’s are different; and 
(2) junctions B and C have additional flow leaving the network. The basic flow relations are: 


Loop ABC: 35.44Qn +44.3Q7,. —26.58Q%,. =0 
Loop BCD: 44.3Q%¢ +35.44Q2y —26.58Q3,, = 0 
Junctions A,B,C: Qap+Qac =2.0; 

Qas = Qpc t+ Qpp $1.0; Qac + Que = Qep + 0.5 


In this era of PC “equation solvers” such as EES, it is probably not necessary to dwell 
upon any solution methods. For handwork, one might guess QAB, then the other four are 
obtained in sequence from the above relations, plus a check on the original guess for 
QAB. The assumed arrows are shown above. It turns out that we have guessed the 
direction incorrectly on QBC above, but the others are OK. The final results are: 

Qag = 0.949 ft?/s (toward B); Qac =1.051 ft/s (toward C) 


Qgc = 0.239 (toward B); Qcp = 0.312 (toward D); Qp = 0.188 (to D) Ans. (a) 
The pressures start at A, from which we subtract the friction losses in each pipe: 


Pe = Pa — PZK ppQip = 90144 —62.4(35.44)(0.949)* =10969 psf +144 = 76 psi 
Similarly, we obtain po. =11127 psf=77 psi; pp =10911 psf = 76 psi Ans. (b) 





6.131 A water-tunnel test section has a 1-m diameter and flow properties V = 20 m/s, p = 
100 kPa, and T = 20°C. The boundary-layer blockage at the end of the section is 9 percent. 
If a conical diffuser is to be added at the end of the section to achieve maximum pressure 
recovery, what should its angle, length, exit diameter, and exit pressure be? 


Solution: For water at 20°C, take p = 998 kg/m? and w= 0.001 kg/m-s. The Reynolds 
number is very high, Re = pVd/u = (998)(20)(1)/(0.001) * 2.0E7; much higher than the 
diffuser data in Fig. 6.28b (Re  1.2E5). But what can we do (?) Let’s use it anyway: 


B, =0.09, read C, wax ~0.71 at L/d~25, 20~4°, AR ~& 


p, max 


Then 8 


one 2°, Le2Sdx25m, Dei, =d(8)'? 2.8m Ans. (a) 


exit 


C, #0.71=Pe—Pe___ Ps 100000 ot: pce 242000Pa Ans.(b) 


PO O (VDV? (/2)(998)(20)"’ 
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6.132 For Prob. 6.131, suppose we are limited by space to a total diffuser length of 
10 meters. What should be the diffuser angle, exit diameter, and exit pressure for 
maximum recovery? 


Solution: We are limited to L/D = 10.0. From Fig. 6.28b, read Cp,max ~ 0.62 at AR = 4 
and 206°. Ans. The exit diameter and pressure are 


D, =d WAR) =(1.0)(4.0)'” = 2.0 m Ans. 


C, max ¥ 0.62 =(p, —100000){(1/2)(998)(20)7], or: Pex 224000 Pa Ans. 


‘p,max 





6. 933 A wind-tunnel test section is 3 ft square with flow properties V = 150 ft/s, p = 15 
Ibf'in? absolute, and T = 68°F. Boundary-layer blockage at the end of the test section is 8 
percent. Find the angle, length, exit height, and exit pressure of a flat-walled diffuser 
added onto the section to achieve maximum pressure recovery. 


Solution: For air at 20°C and 15 psi, take p = 0.00238 slug/ft? and y= 3.76E-7 slug/ft's. 
The Reynolds number is rather high, Re = pVd/ = (0.00238)(150)(3)/(3.76E-7) = 2.9E6; 
much higher than the diffuser data in Fig. 6.28a (Re ~ 2.8E5). But what can we do (?) 
Let’s use it anyway: 


B, =0.08, read C, max 0.70 at L/W, ~17, 20~9.5°, AR ~3.75: 
Then O,.4 ~4.75°, L~17W, ~51 ft, W, ~(AR)W, =3.75(3) 11 ft Ans. 


C, w0.70= Pe Pi n Pe -15x14 or: Pori = 2180 af Ans. 


Y (1/2)pV; —_(1/2)(0.00238)(150)° ’ 








6.134 For Prob. 6.133 above, suppose we are limited by space to a total diffuser length 
of 30 ft. What should the diffuser angle, exit height, and exit pressure be for maximum 
recovery? 

Solution: We are limited to L/W1 = 10.0. From Fig. 6.28a, read Cp,max ~ 0.645 at AR = 
2.8 and20~ 10°. Ans. The exit height and pressure are 


W,. =(AR)W, =(2.8)(3.0) = 8.4 ft Ans. 


C, max = 0.645 =[p, —(15)144)/{(1/2)(0.00238)(150)"], or p, =2180 m Ans. 
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6.135 An airplane uses a pitot-static tube as a velocimeter. The measurements, with 
their uncertainties, are a static temperature of (—11 + 3)°C, a static pressure of 60 + 2 kPa, 
and a pressure difference (po — ps) = 3200 + 60 Pa. (a) Estimate the airplane’s velocity and 
its uncertainty. (b) Is a compressibility correction needed? 


Solution: The air density is p = p/(RT) = (60000 Pa)/[(287 m2/s?-K)(262 K)] = 0.798 kg/m’. 
(a) Estimate the velocity from the incompressible Pitot formula, Eq. (6.97): 


yo 2A 2Ap 23200 Pa) _ 9 m 
p pKRT) 0.798 kg/m? s 


The overall uncertainty involves pressure difference, absolute pressure, and absolute 
temperature: 


1/2 1/2 
ia Ioa A a EN EEN cea, 
vV \\2 ap) \2p) QRT 2|\3200) (60) (262 i 

The uncertainty in velocity is 2%, therefore our final estimate is V ~ 90 +2 m/s Ans. (a) 


Check the Mach number. The speed of sound is a = (KRT)"? = [1.4(287)(262)]!/2 = 324 m/s. 
Therefore 








Ma = Vla = 90/324 = 0.28 < 0.3. No compressibility correction is needed. Ans. (b) 





6.136 For the pitot-static pressure arrange- € 
ment of Fig. P6.136, the manometer fluid is o) | 
(colored) water at 20°C. Estimate (a) the & 8cm 
centerline velocity, (b) the pipe volume () 

flow, and (c) the (smooth) wall shear 


stress. AL 40 mm 


Fig. P6.136 
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Solution: For air at 20°C and l atm, take p = 1.2 kg/m? and u = 1.8E-5 kg/m-s. For 
water at 20°C, take p = 998 kg/m? and u= 0.001 kg/m-s. The manometer reads 


=P = (Prater ` Pair ZH = (998 — 1.2)(9.81)(0.040) 391 Pa 
Therefore V.. =[2Ap/p]!? =[2(391)1.2]” =25.5m/s_ Ans. (a) 
We can estimate the friction factor and then compute average velocity from Eq. (6.43): 


_ pVd _ 1.2(21.7)(0.08) 


~ 115,700 
u 1.8E-5 


Guess Vyyy ¥0.85Ve, = 21.7 —, then Rey 
S 


25.5 
[1+1.33 V0.0175] 
Thus the volume flow is Q = (7/4)(0.08)° (21.69) = 0.109 m?/s. Ans. (b) 

f 2 O a 


Finally, T,= s pv = 


Then = fynootn ~ 0.0175, — Voetter = = 21.69 — z Converged) 





(1.2)(21.69)? ~ 1.23 Pa Ans. (c) 





6.137 For the 20°C water flow of 
Fig. P6.137, use the pitot-static arrange- 
ment to estimate (a) the centerline velocity 
and (b) the volume flow in the 5-in- 
diameter smooth pipe. (c) What error in 
flow rate is caused by neglecting the 1-ft 
elevation difference? B 


Solution: For water at 20°C, take p = 
1.94 slug/ft? and w= 2.09E-S slug/ft-s. For 
the manometer reading h = 2 inches, 











Pop ~ Pa =(SGirere — DP) water! Fig. P6.137 
+Pwaterg(l ft) but from the energy equation, 
Pa — Pp = PwaterShean — Pwaterg(1 ft) Therefore py, — pg =(SG—Dpgbinano + PSbeap 
where friction loss hg ap ¥ f(AL/d)(V/2g) 


Thus the pitot tube reading equals the manometer reading (of about 130 psf) plus the 
friction loss between A and B (which is only about 3 psf), so there is only a small error: 


2(130.6) |’? 
1.94 





1/2 
(SG —1)pgh = (13.56 —1)(62.4)(2/12) ~ 130.6 psf, Vo ~ [e -| 
p 


Chapter 6 e Viscous Flow in Ducts 537 


ft ft 1.94(9.9)(S5/12 
or VQ #11.6 —, so V,,, ¥0.85VQ, 79.9 —, ee) 
oe s ave s 2.09E-5 


so finooth ¥ 90-0138, oF AP siction = {(L/d) PV?/2 ~ 3.2 Ibf/ft? 


~ 381500, 


If we now correct the pitot tube reading to AP pitot ~130.6+3.2 = 133.8 psf, we may 
iterate and converge rapidly to the final estimate: 


3 
f ~ 0.01375, Voy © 11.75 ft. tae Vawe = 10.17 w ees 
S sS S 


The error compared to our earlier estimate V ~ 9.91 ft/s is about 2.6% Ans. (c) 





6.138 An engineer who took college fluid 

mechanics on a pass-fail basis has placed A eg B 
the static pressure hole far upstream of the 
stagnation probe, as in Fig. P6.138, thus 
contaminating the pitot measurement 
ridiculously with pipe friction losses. If the 
pipe flow is air at 20°C and 1 atm and the 
manometer fluid is Meriam red oil (SG = 
0.827), estimate the air centerline velocity 
for the given manometer reading of 16 cm. 
Assume a smooth-walled tube. 





GREED 


Fig. P6.138 


Solution: For air at 20°C and 1 atm, take p = 1.2 kg/m? and u = 1.8E-5 kg/m:s. 
Because of the high friction loss over 10 meters of length, the manometer actually shows 
poB less than pA, which is a bit weird but correct: 


Pa —Pos = (Piano — Pair gh = [0.827(998) — 1.2](9.81)(0.16) = 1294 Pa 








; L pV? fL pV? 
Meanwhile, p, —p, = pgh, =f— a > OF Pop -Pp=— PY 1294 = Pvz 
d 2 2 2 
10 \(1.2 12 2 
Guess f~0.02, V0.85Vo,, whence 0.02{ 1°.) (2) V? —1294 = (~. ) 
0.06/\ 2 2 \0.85 
Solve for V=33.3 , Re, = Lagan = 133000, frener = 0.0170, 
S OE 


V = Va [1+1.33V f] = 0.852Vcr, repeat to convergence 
Finally converges, f= 0.0164, V =~39.87 m/s, Vc, = V/0.8546 ~ 46.65 m/s. Ans. 
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6.139 Professor Walter Tunnel must 
measure velocity in a water tunnel. Due to 
budgetary restrictions, he cannot afford a 
pitot-static tube, so he inserts a total-head total head (1) —e; 
probe and a static-head probe, as shown, — V 
both in the mainstream away from the wall static head (2)>> 
boundary layers. The two probes are 
connected to a manometer. (a) Write an -w . 
expression for tunnel velocity V in terms of p { h3 
the parameters in the figure. (b) Is it critical wm NS H ----- s 
that hi be measured accurately? (c) How 
does part (a) differ from a pitot-static tube 
formula? 





Fig. P6.139 


Solution: Write Bernoulli from total-head inlet (1) to static-head inlet (2): 


Pw 


2(p, - h 
Po + 2,82, =P, ae + 0,825, Solve V = 2(Po = Ps + Pw) 


Pw 


Combine this with hydrostatics through the manometer: 





Ps + Pugh + Pugh = Po + Pw + PwBh2 + Pugh, cancel out p,,ghy 
Or Po = Ps + Py8h = (Pn — Pu )ghs 
Introduce this into the expression for V above, for the final result: 


Visas = U Pm = Pw)ghs Ans. (a) 


w 


This is exactly the same as a pitot-static tube—h1 is not important. Ans. (b, c) 





6.140 Kerosene at 20°C flows at 18 m/h in a S-cm-diameter pipe. If a 2-cm-diameter 
thin-plate orifice with corner taps is installed, what will the measured pressure drop be, in Pa? 


Solution: For kerosene at 20°C, take p = 804 kg/m? and u = 1.92E-3 kg/m-s. The 
orifice beta ratio is J = 2/5 = 0.4. The pipe velocity and Reynolds number are: 
Q 18/3600 5™ 804(2.55)(0.05) 


=>= z=2. > Re 
A (#/4)(0.05) s 1.92E-3 





= 53300 


From Eqs. (6.112) and (6.113a) [corner taps], estimate Cd ~ 0.6030. Then the orifice 
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pressure-drop formula predicts 


2Ap 
804[1-(0.4)*]’ 





18 
Q= 3600 0.6030 : (0.02) solve Ap ~273kPa Ans. 





*6.141 Gasoline at 20°C flows at 105 m°/h in a 10-cm-diameter pipe. We wish to meter 
the flow with a thin-plate orifice and a differential pressure transducer that reads best at 
about 55 kPa. What is the proper £ ratio for the orifice? 


Solution: For gasoline at 20°C, take p = 680 kg/m? and u = 2.92E—4 kg/m-s. This 
problem is similar to Example 6.21 in the text, but we don’t have to be so precise because 
we don’t know the exact geometry: corner taps, D:5D taps, etc. The pipe velocity is 


_ Q _ 1053600 _ 35, m Re, _ 680(3.71)(0.1) 


= =3. ~ 865000 
A, (2/4)(0.1) s 2.92E-4 





1 


From Fig. 6.41, which is reasonable for all orifice geometries, read Cd = 0.61. Then 


2 
Vag ee ee ee ae 
B 6800 — 8") (l- 8") 


Solve for £0.66 Ans. 


Checking back with Fig. 6.41, we see that this is about right, so no further iteration is 
needed for this level of accuracy. 





6.142 The shower head in Fig. P6.142 D=1.5¢em 
delivers water at 50°C. An orifice-type N 
flow reducer is to be installed. The up- 
stream pressure is constant at 400 kPa. 
What flow rate, in gal/min, results without 
the reducer? What reducer orifice diameter 
would decrease the flow by 40 percent? 






Flow reducer 


Solution: For water at 50°C, take p = 
988 kg/m? and w = 0.548E-3 kg/m:s. 
Further assume that the shower head is a 


poor diffuser, so the pressure in the head is 45 holes.'1-5-mim.diameter 
Fig. P6.142 
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also about 400 kPa. Assume the outside pressure is sea-level standard, 101 kPa. From 
Fig. 6.41 for a ‘typical’ orifice, estimate Cd ~ 0.61. Then, with 2 ~ 0 for the small holes, 
each hole delivers a flow rate of 


2A 2(400000 — 101000 
Qr mie ~ CoAmiey| “22 = 0.61{ 0.0015), |400000 101000) 
l-2”) 988(1-04) 
3 
OF Qipoe ¥2-65E-5 m/s and Quai =45Q; nore =0.00119 m{=19 a 
S mın 


This is a large flow rate—a lot of expensive hot water. Checking back, the inlet pipe for 
this flow rate has ReD ~ 183000, so Cd 0.60 would be slightly better and a repeat of the 
calculation would give Qno reducer ¥ 0.00117 m/s = 18.6 gal/min. Ans. 


A 40% reduction would give Q = 0.6(0.00117) = 7.04E-4 m?/s + 45 = 1.57E-5 m?/s for 
each hole, which corresponds to a pressure drop 


Qi noe =1.57E-5 = 0.00( 2 ) (0.00159 =, or Ap ~ 108000 Pa 


OF Pinside head * 101+ 108 ~ 209 kPa, the reducer must drop the inlet pressure to this. 


ay or 2 40332 


988(1— 8") a-p)’ 


=0.56(1.5)=0.84cm Ans. 


Q =7.04E-4 = o61{ Z)(o0spy 


Solve for £0.56, d 


reducer 





6.143 A 10-cm-diameter smooth pipe contains an orifice plate with D: 5 4D taps and B= 
0.5. The mieasired orifice pressure drop is 75 kPa for water flow at 20°C. Estimate the 
flow rate, in m 3/h. What is the nonrecoverable head loss? 


Solution: For water at 20°C, take p = 998 kg/m? and yz = 0.001 kg/m-s. We know 
everything in the orifice relation, Eq. (6.104), except Cd, which we can estimate (as 


0.61): 
z [ 2Ap z y | 2(75000) 
Q=CA, iD =Cy 7009 Dao 0.0249C, 


3 
4 
Guess Cy ~0.61, Q*0.0152 ~, Re, -4R ~ 193000, C,(Eq. 6.112) = 0.605 
s TTL 
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This is converged: Q = 0.0249(0.605) = 0.0150 m?/s +54 m/h. Ans. (a) 


(b) From Fig. 6.44, the non-recoverable head loss coefficient is K ~ 1.8, based on Vt: 
Q 0.0150 766 2 


A, 2(0.0252 > s 


AP toss = Kev = 1.8( 28) (7.66) ~ 53000 Pa Ans. (b) 


t > 





6.144 Water at 20°C flows through the orifice in the figure, which is monitored by a 
mercury manometer. If d = 3 cm, (a) what is h when the flow is 20 m/h; and 
(b) what is Q when A = 58 cm? 


Solution: (a) Evaluate V = Q/A = 2.83 m/s and ReD = pVD/u = 141,000, 2 = 0.6, thus 








Cd = 0.613. 
water 7 2-1 d=3 cm 
D=5 cm 
mercury 
Fig. P6.144 
a2 20 _ ; zR 2Ap - = (0.613) Z (0.03% A O R 
3600 4 p-p) 4 998(1 —0.6") 


where we have introduced the manometer formula Ap = (pmercury — pwater)gh. 
Solve for: h4+0.58m=58 cm Ans. (a) 


Solve this problem when h = 58 cm is known and Q is the unknown. Well, we can see 
that the numbers are the same as part (a), and the solution is 


Solve for: @~ 0.00556 m*/s=20m*/h Ans. (b) 
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6.145 The l-m-diameter tank in Fig. P6.145 is initially filled with gasoline at 20°C. 
There is a 2-cm-diameter orifice in the bottom. If the orifice is suddenly opened, estimate 
the time for the fluid level h(t) to drop from 2.0 to 1.6 meters. 


Solution: For gasoline at 20°C, take p= 680 kg/m? and w= 2.92E-4 kg/m-s. The 


Vv h(0)=2m 
im A(t) 
Qt) 
Fig. P6.145 


orifice simulates “corner taps” with £ ~ 0, so, from Eq. (6.112), Cd = 0.596. From the energy 
equation, the pressure drop across the orifice is Ap = pgh(t), or 


Q=C,A, P z 0.596(=] (0.02)? /2(9.8Dh ~ 0.000829Vh 


dh 


tank dt 


2 dh 
dt 


Set the Q’s equal, separate the variables, and integrate to find the draining time: 


=f dh tinal 2[ v2 - V1.6] 
2.0 


—= 0.001056 | dt, or tena = 
o Vh J nal 0.001056 














d m 
But also Q=- (Uta) =A z (L0 m) 


=283 sz 4.7 min Ans. 





6.146 A pipe connecting two reservoirs, as in Fig. P6.146, contains a thin-plate orifice. 
For water flow at 20°C, estimate (a) the volume flow through the pipe and (b) the 
pressure drop across the orifice plate. 
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Solution: For water at 20°C, take p = 998 kg/m? and u = 0.001 kg/m-s. The energy 
equation should include the orifice head loss and the entrance and exit losses: 





L=100m 3-cm 
D=5cm orifice 


Fig. P6.146 





V7 (OL E 
Az=20 m= V(r, EK) , where Kone © 0.5, Kyi, * 1.0, KA 06 = 1.5 (Fig. 6.44) 
g 


n 2(9.81)(20) 392.4 
[f(100/0.05)+0.5+1.0+1.5] 2000f+3.0° 


Iterate to f, zx 0.0162, V =3.33 m/s 





guess f ~ 0.02, V ~ 3.02 m/s 


mooth 


The final Re = pVD/w~ 166000, and Q =(7/4)(0.05)2(3.33) ~ 0.00653 m/s Ans. (a) 
(b) The pressure drop across the orifice is given by the orifice formula: 


ReD = 166000, £=0.6, Cd~ 0.609 (Fig. 6.41): 


V2 1/2 
Q=0.00653=C,A,| —“P_ | = 0.608{ © }0.05) FBP 
pa-p) 4 998(1 — 0.67) 


Ap =100kPa_ Ans.(b) 








*6.147 Air flows through a 6-cm- 
diameter smooth pipe which has a 2 m- 
long per-forated section containing 500 
holes (diameter 1 mm), as in Fig. P6.147. 
Pressure outside the pipe is sea-level QO 
standard air. If p1 = 105 kPa and Q1 = 110 z i 

m?/h, estimate p2 and Q2, assuming that ee poss 
the holes are approximated by thin-plate Fig. P6.147 

orifices. Hint: A momentum control 

volume may be very useful. 








500 holes (diameter 1 mm) 
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Solution: For air at 20°C and 105 kPa, take p = 1.25 kg/m? and u = 1.8E-5 kg/m:s. 
Use the entrance flow rate to estimate the wall shear stress from the Moody chart: 





110/360 .25(10.8)(0. 
ia Sa v = 20s eet 2500.8)(0.06) < 45000, Emon © 0.0214 
A (2/4)(0.06) s 1.8E-5 s 
then ty = Í pv? = 28214 1 95)(10.8)? = 0.390 Pa 


Further assume that the pressure does not change too much, so Aporifice 105000 — 101350 = 
3650 Pa. Then the flow rate from the orifices is, approximately, 


Br, Cy *0.61; Q*500C,A,(2Ap/p)"” = 500(0. on(2 2) (0.001)? aS my 


or: Q# 0.0183 m/s, so Q, = 0. 0183 = 0.01225 m*/s 


Then V2 = Q2/A2 = 0.01225/[(7/4)(0.06)7] = 4.33 m/s. A control volume enclosing the 
pipe walls and sections (1) and (2) yields the x-momentum equation: 





XF, =p,A—p,A—1,2DL = m,V, — 1, V, = PAV; —pAV;, divide by A: 


Pı -p = 0.390 TOOG +1.25(4.33)? —1.25(10.8)? =52+23-146 =-71 Pa 
(77/4)(0.06) 


Thus p2 = 105000 + 71 ~ 105 kPa also and above is correct: Q2 = 0.0123 m/s. Ans. 





6.148 A smooth pipe containing ethanol at 20°C flows at 7 m/h through a Bernoulli 
obstruction, as in Fig. P6.148. Three piezometer tubes are installed, as shown. If the 
obstruction is a thin-plate orifice, estimate the piezometer levels (a) 42 and (b) h3. 


h=1m 
5m 


m 3 cm 








à 5cm 


Fig. P6.148 
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Solution: For ethanol at 20°C, take p = 789 kg/m? and u = 0.0012 kg/m-s. With the 
flow rate known, we can compute Reynolds number and friction factor, etc.: 


Q 78600 E 789(0.99)(0.05) _ 
A (2/4)(0.05) s 0.0012 





32600,  fimootn = 0.0230 


From Fig. 6.44, at 8= 0.6, K = 1.5. Then the head loss across the orifice is 


2,2 
Ah =h, —h, =K v2 asf ee } 
2(9.81) 


j |- 0.58m, hence h, x1.58m Ans. (a) 
8 


Then the piezometer change between (2) and (3) is due to Moody friction loss: 





2 2 
initio = (0.023) 3 } 029 =0.12 m, 
d 2g 0.05/ 2(9.81) 


or h, =1.58+0.12=1.7m_ Ans. (b) 
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6.149 Ina laboratory experiment, air at 20°C flows from a large tank through a 2-cm- 
diameter smooth pipe into a sea-level atmosphere, as in Fig. P6.149. The flow is metered 
by a long-radius nozzle of 1-cm diameter, using a manometer with Meriam red oil (SG = 
0.827). The pipe is 8 m long. The measurements of tank pressure and manometer height 
are as follows: 





Fig. P6.149 

ptank, Pa 60 320 1200 2050 2470 3500 4900 
(gage): 

hmano, mm: 6 38 160 295 380 575 820 


Use this data to calculate the flow rates Q and Reynolds numbers ReD and make a plot of 
measured flow rate versus tank pressure. Is the flow laminar or turbulent? Compare the data 
with theoretical results obtained from the Moody chart, including minor losses. Discuss. 


Solution: For air take p=1.2 kg/m? and z= 0.000015 kg/m-s. With no elevation change and 
negligible tank velocity, the energy equation would yield 
pve 


L 
Prank ~ Patm = a2 (1 ID F Kentrance T $ Kon ~0.5 and K noz = 0.7 


Since Ap is given, we can use this expression plus the Moody chart to predict V and Q = 
AV and compare with the flow-nozzle measurements. The flow nozzle formula is: 


2 
Vinvoat = Cy mer 


The friction factor is given by the smooth-pipe Moody formula, Eq. (6.48) for ¢= 0. The 
results may be tabulated as follows, and the plot on the next page shows excellent (too 
good?) agreement with theory. 


where Ap = (Poit — Pair )&h, Ca from Fig. 6.42 and B=0.5 
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ptank, Pa: 60 320 1200 2050 2470 3500 4900 
V, m/s (nozzle data): 2.32 5.82 11.9 16.1 18.2 22.3 26.4 
Q, m/h (nozzle data): 2.39 6.22 12.9 17.6 19.9 24.5 29.1 
Q, m/h (theory): 2.31 6.25 13.3 18.0 20.0 24.2 28.9 
fMoody: 0.0444 0.0331 0.0271 0.0252 0.0245 0.0234 0.0225 
35 5 


30 === Q-Moody 
O Q-nozzde 


25 














20 4 


15 





Flow Rate, m43/h 


10 




















0 1000 
Tank 


T aa 4 


Gage Pressure, Pa 


2000 3000 4000 5000 





6.150 Gasoline at 20°C flows at 0.06 m/s through a 15-cm pipe and is metered by a 
9-cm-diameter long-radius flow nozzle (Fig. 6.40a). What is the expected pressure drop 


across the nozzle? 


Solution: For gasoline at 20°C, take p = 680 kg/m and w= 2.92E-4 kg/m-s. Calculate 


the pipe velocity and Reynolds number: 


0.06 
Q = » Rep 
s 


A (214015 aa 


2.92E4 


_ 680(3.40)(0.15) 


= 1.19E6 
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The ISO correlation for discharge (Eq. 6.114) is used to estimate the pressure drop: 


10° 8 


1⁄2 ó 
= 0.9965 — 0.00653 10° (0:6) 
1.19E6 





ep 


Then Q=0.06= (0.9919){ Z) (0.09)? aT 


Solve Ap ~ 27000 Pa Ans. 


v2 
Ca = 0.9965 - 0.00653 | z= 0.9919 





P6.151 An engineer needs to monitor a flow of 20°C gasoline at about 250+25 gal/min 
through a 4-in-diameter smooth pipe. She can use an orifice plate, a long-radius flow nozzle, or 
a venturi nozzle, all with 2-in-diameter throats. The only differential pressure gage available is 
accurate in the range 6 to 10 Ibf/in’. Disregarding flow losses, which device is best? 


Solution: For gasoline at 20°C, take p = 680 kg/m? and ys = 2.92E-4 kg/m-s. We are given 


f= 2/4 =0.5. The flow rate is in the range 0.0142 < Q < 0.0174 m’/s. The pipe Reynolds 
number is in the range Rep = 460,000 + 10%. In SI units, the throat diameter is 0.0508 m, and its 
area is (1/4)(0.0508m)” = 0.00203 m’. Our basic “obstruction” formula is Eq. (6.104): 


2Ap 3 


2A 
P Z C4 (0.00203 m?) = 0.0158 + 0.0016 
Ss 


OS Ca a de eens area 
p(l- B*) (680kg/m?>){1—(0.5)*} 


It remains only to determine Cy for the three devices and then calculate Ap. The results are: 
Orifice plate, D:1/2D taps: Cy ~ 0.605, Ap = 6.2 to 9.3 lbf/in’ Ans. 
Long-radius flow nozzle: Cg ~ 0.99, Ap = 2.3 to 3.5 Ibffin’ 


Venturi nozzle: Ca = 0.977, Ap 2.4 to 3.6 lbf/in? 
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Only the orifice plate, with its high losses, is compatible with the available pressure gage. 





6.152 Kerosene at 20°C flows at 20 m/h in an 8-cm-diameter pipe. The flow is to be 
metered by an ISA 1932 flow nozzle so that the pressure drop is 7 kPa. What is the 
proper nozzle diameter? 


Solution: For kerosene at 20°C, take p = 804 kg/m? and uw =1.92E-3 kg/m-s. We 
cannot calculate the discharge coefficient exactly because we don’t know £, so just 
estimate Cd: 


3 
Guess C,~0.99, then Q~ 0.09{ 2] (Goma) nO = 2 
4 804(1— 64) 3600 s 


p 
a-p” 
_ 4(804)(20/3600) 

m(1.92E-3)(0.08) 
Now compute a better Cd from the ISA nozzle correlation, Eq. (6.115): 


( 6 yee 
Ca = 0.99— 0.22626"! + (0.000215 —0.0011258+ 0.00249,8"")| | = 0.9647 
ep 


or: = 0.268, solve 2 =~ 0.508, 


5 ~ 37000 


Iterate once to obtain a better 6 ~ 0.515, d = 0.515(8 cm) ~ 4.12 cm Ans. 
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6.153 IWO, water tanks, each with base 
area of 1 fê, are connected by a 0.5-in- 
diameter long- “radius nozzle as in Fig. P6.153. 
Ifh = 1 ft as shown for t = 0, estimate the 
time for h(t) to drop to 0.25 ft. 


h=1ft 


] 
j 


Solution: soe water at 20°C, take p = 
1.94 slug/ft? and w= 2.09E-S slug/ft-s. For 
a long-radius nozzle with 6 = 0, guess Cd = 








0.98 and Kloss = 0.9 from Fig. 6.44. The ft? 1 ft? 
elevation difference h must balance the head Fig. P6.153 
losses in the nozzle and submerged exit: 
v? v? 
äz=}h =+ = 9 +1.0..3,)=h, solve V, =5.82Vh 
2 loss 2g XK = 2(32. n° nozzle + exit) Vi t vh 
1/2 1 dh dh 
h v( H = 0.00794Vh =-— A, — = —0.5— 
ence Q= 4/12 vh 2 ‘tank Gt dt 


The boldface factor 1/2 accounts for the fact that, as the left tank falls by dh, the right 
tank rises by the same amount, hence dh/dt changes twice as fast as for one tank alone. 
We can separate and integrate and find the time for h to drop from 1 ft to 0.25 ft: 


($ d oors f at or: fA) 
Jh 0.0159 


~63s Ans. 





P6.154 Gasoline at 20°C flows through a 6-cm-diameter pipe. It is metered by a 
modern venturi nozzle with d= 4 cm. The measured pressure drop is 6.5 kPa. Estimate 
the flow rate in gallons per minute. 


Solution: For gasoline at 20°C, from Table A.3, 9 = 680 kg/m? and y = 2.92E-4 kg/m-s. 
We are not sure of the Reynolds number, so assume for the present that Fig. 6.43 is valid, 
in which case, from Eq. (6.116), 


Cy venturi ~ 0-9858 — 0.196 B*° = 0.9858 — 0. Css = 0.954 


Then, from Eq. (6.104), the flow rate is 
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3 
Q =C A, |P = 09542 0.04m)? | =S°0PO _ _ 4.99669" = 106-2 A 
pa-p) 4 680[1 — (4/6)*] s min 


4pQ _ &680X0.00669) _ 330,000 OK, within range. 


Check Rep = 
eces ED. a(2.92E—4)(0.06) 








P6.155 It is desired to meter methanol at 20°C flowing through a 5-inch-diameter 
pipe. The expected flow rate is about 300 gal/min. Two flowmeters are available: a 
venturi nozzle and a thin-plate orifice, each with d = 2 in. The differential pressure gage 
on hand is most accurate at about 12-15 1bs/in?. Which meter is better for this job? 


Solution: For methanol at 20°C, from Table A.3, 9 = 791 kg/m? = 1.535 slug/fť and u= 
5.98E-4 kg/m-s = 1.25E-5 slug/ft-s. Compute the average velocity in the pipe and find the 
discharge coefficients for each meter, for # = (2 in)/(5 in) = 0.4: 


2 = 3002" = 0.668 fe = -Z2 fi)? Ving solve for V = 4.90 Ê or V, = 30.6 Ë 
mın S S 
Orice: Rep- ZZ 1153514 9045/19 _ = 251,000, 8=0.4, Fig.6.41:C, ~ 0.601 


u (0.0000125) 
Venturi nozzle :1.5E5 <Rep < 2E6, OK, B=0.4, Fig.6.43: Cı ~ 0.983 


Find the expected pressure drops from Eq. (6.104): 


f. 
V, = 30.6 1.156 C4 [Ap 
Goa ma l. 04 g 





Venturi nozzle: Cy = 0.983, solve Ap = 725 a x 5 a 
fi in 

Thin - plate orifice: C} = 0.601, solve Ap = 1940 ce = 14 ze 
ft in 


The orifice plate is the better choice, for accuracy, although the head loss is much larger. 
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6.156 Ethanol at 20°C flows down through a modern venturi nozzle as in Fig. P6.156. If 
the mercury manometer reading is 4 in, as shown, estimate the flow rate, in gal/min. 


Solution: For ethanol at 20°C, take p = 1.53 slug/ft? and “= 2.51E-—5 slug/ft-s. Given B= 
0.5, the discharge coefficient is 


Cd = 0.9858 — 0.196(0.5)*> = 0.9771 


D=6in 


d=3in 





Fig. P6.156 
The 9-inch displacement of manometer taps does not affect the pressure drop reading, 
because both legs are filled with ethanol. Therefore we proceed directly to Ap and Q: 


AP poze = (Pmexe ~ Peon Bh = (26.3 ~1.53)(32.2)(4/12) = 266 Ib f/f” 


1/2 2 3 
Hence Q=C,A,| “2, -osmn{ =) 2) 20260) 0.924 Ans. 
pil—B") 4)\12) 1530-054) s 








6.157 Modify Prob. 6.156 if the fluid is air at 20°C, entering the venturi at a pressure of 
18 psia. Should a compressibility correction be used? 


Solution: For air at 20°C and 18 psi, take p = 0.00286 slug/ft? and = 3.76E-7 slug/ft-s. 
With £ still equal to 0.5, Cd still equals 0.9771 as previous page. The manometer reading is 


AP pone = (26.3— 0.00286)(32.2)(4/12) = 282 Ibf/fi”, 


2 3 
whence g-o97(2]/ 3 } ORD) 2 ec. Sas 
4 )\12) ¥0.00286(-0.5") s 
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From this result, the throat velocity Vt = Q/At = 448 ft/s, quite high, the Mach number in 
the throat is approximately Ma = 0.4, a (small) compressibility correction might be 
expected. [Making a one-dimensional subsonic-flow correction, using the methods of 
Chap. 9, results in a throat volume flow estimate of Q ~ 22.8 f /s, about 4% higher.] 





6.158 Water at 20°C flows in a long horizontal commercial-steel 6-cm-diameter pipe 
that contains a classical Herschel venturi with a 4-cm throat. The venturi is connected to a 
mercury manometer whose reading is h = 40 cm. Estimate (a) the flow rate, in m?/h, and 
(b) the total pressure difference between points 50 cm upstream and 50 cm downstream 
of the venturi. 


Solution: For water at 20°C, take p = 998 kg/m? and u = 0.001kg/m-s. For commercial 
steel, ¢ = 0.046 mm, hence é/d = 0.046/60 = 0.000767. First estimate the flow rate: 


Ap = (Pp — Py gh = (13560 — 998)(9.81)(0.40) = 49293 Pa 

3 

Guess C4 =~0.985, Q=(0. oss| 7 Joo 04}? ce = 0.0137 &— 
998[1 —(4/6)*] s 


Check Rep = 4pQ =~ 291000 
muD 
At this Reynolds number, we see from Fig. 6. = that Ca does indeed ~ 0.985 for the 
Herschel venturi. Therefore, indeed, Q = 0.0137 m 3/s x49 m/h. Ans. (a) 
(b) 50 cm upstream and 50 cm downstream are far enough that the pressure recovers 
from its throat value, and the total Ap is the sum of Moody pipe loss and venturi head 
loss. First work out the pipe velocity, V = Q/A = (0.0137)/[(7/4)(0. 06)? ] = 4.85 m/s. Then 


= 0.2 


venturi 


Rep = 291000, = 0.000767, then fyjoogy = 0.0196; Fig. 6.44: K 


2 
Then Ap = AP Moody + AP venturi = = a (= + K) 


1.0 


_ 998(4.85)° | 0196 
0.06 


10) + 02 | = 6200 Pa Ans. (b) 





6.159 A modern venturi nozzle is tested in a laboratory flow with water at 20°C. The 
pipe diameter is 5.5 cm, and the venturi throat diameter is 3.5 cm. The flow rate is 
measured by a weigh tank and the pressure drop by a water-mercury manometer. The 
mass flow rate and manometer readings are as follows: 
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m,kg/s: 0.95 1.98 2.99 5.06 8.15 
h, mm: 3.7 15.9 36.2 102.4 264.4 


Use these data to plot a calibration curve of venturi discharge coefficient versus Reynolds 
number. Compare with the accepted correlation, Eq. (6.116). 


Solution: For water at 20°C, take p = 998 kg/m? and w= 0.001 kg/m-s. The given data 
of mass flow and manometer height can readily be converted to discharge coefficient and 
Reynolds number: 


Q= ee Cy (2) (0.035% Abe OSD — MEBIN > o: C7 =De (kg/s) 
998 4 Pell —(3.5/5.5)*] 16.485 V h meters 


_ 4m 4th 


=a AUN th (kg/s) 


ep 


The data can then be converted and tabulated as follows: 


h, m: 0.037 0.0159 0.0362 0.1024 0.2644 



































Cd: 0.947 0.953 0.953 0.959 0.962 
ReD: 22000 46000 69000 117000 189000 
These data are plotted in the graph below, similar to Fig. 6.42 of the text: 

0.962 

a” | | 

0.958 t =| 

0.956 

0.954 | 

0.952 | 

0.95 
0.948 
0.946 | 4 | 

















O 20000 40000 60000 80000 pon 120000 140000 160000 180000 200000 
e 


They closely resemble the “classical Herschel venturi,” but this data is actually for a 
modern venturi, for which we only know the value of Cd for 1.5E5 < ReD < 2E5: 
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3.5 


Eq. (6.116) Cy ~ 0.9858-0.196{ 22 


4.5 
} =~ 0.960 


The two data points near this Reynolds number range are quite close to 0.960 + 0.002. 





P6.160 An instrument popular in the beverage 
industry is the target flowmeter in Fig. P6.x. 
A small flat disk is mounted in the center of the 


pipe, supported by a strong but thin rod. 


(a) Explain how the flowmeter works. Fig. P6.x 


(b) If the bending moment M of the rod is measured at the wall, 
derive a formula for the estimated velocity of the flow. 
(c) List a few advantages and disadvantages of such an instrument. 





Solution: (a) The flow creates a drag force F on the disk, approximately proportional to V”. 
(b) The bending moment is the drag force times the pipe radius. Thus the formula 


M = FR, where F = Cp E V? Ais 


Solve for V ~ eM Ans.(b) 


Cp PAaisk R 


We are neglecting the drag of the thin rod, especially if it is streamlined. In Chapter 7, 
Fig. 7.16, we learn that the drag coefficient of a disk is about 1.2 over a wide range of 
Reynolds number. 

(c) Advantages: low cost; disk easy to keep clean; works for a wide variety of fluids; can 
measure flow in either direction; useful in moderately unsteady flows. Disadvantages: 
needs calibration because the formula is too simplified; very poor accuracy at low 
velocities, due to the square-root relationship; heavy flows can break the rod; gummy 
flows can coat the disk and change the calibration; the drag force causes a pipe head loss. 
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P6.161 An instrument popular in the 

water supply industry, sketched in Fig. P6.161, 

is the single jet water meter. 

(a) How does it work? e 


(b) What do you think a typical calibration 





curve would look like? 








Fig. P6.161 





(c) Can you cite further details, for example, reliability, LE 











head loss, cost [58]? 


Solution: (a) The single-jet meter is similar in principle to the standard turbine meter, Fig. 
6.32 of the text, except that, instead of flowing axially through the turbine, it creates an in- 
plane jet that strikes the turbine blades and turns them. There are also multi-jet meters. 

(b) Just as in a standard turbine meter, the single-jet meter turns the turbine at a rate nearly 
proportional to the flow rate. The manufacturer states a “K factor” of an equation for turning 
rate Q versus volume flow rate Q, in the form 2 = K Q. At very low flow rates, the 
Reynolds number is very low, and the manufacturer includes an error curve (a few per cent 
deviation) for low rates. 

(c) The single-jet meter is quite reliable and prized for its accuracy at low flow rates. Itis not 
used for large pipe sizes because, due to its offset design, it would have to be huge. 


6.162 Air flows at high speed through a Herschel venturi monitored by a mercury 
manometer, as shown in Fig. P6.161. The upstream conditions are 150 kPa and 80°C. If h = 
37 cm, estimate the mass flow in kg/s. [HINT: The flow is compressible.] 
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Solution: The upstream density is pl = p1/(RT) = (150000)/[287(273 + 80)] = 1.48 
kg/m’. The clue “high speed” means that we had better use the compressible venturi 
formula, Eq. (6.117): 


Bw a cet 


3 





Fig. P6.162 


m=C,YA, a where £= 4/6 for this nozzle. 


The pressure difference is measured by the mercury manometer: 


Pi —P> = (Pere — Pan Gt = (13550 — 1.48 kgim?)(9.81 m/s? (0.37 m) = 49200 Pa 


The pressure ratio is thus (150 — 49.2)/150 = 0.67 and, for # = 2/3, we read Y = 0.76 from 
Fig. 6.45. From Fig. 6.43 estimate Cd ~ 0.985. The (compressible) venturi formula thus 


predicts: 
i =0.985(0.76) © (0.04 m? | IN OO a 4a Aes, 
4 1- (23) s 





*6.163 Modify Prob. 6.162 as follows. Find the manometer reading h for which the 
mass flow through the venturi is approximately 0.4 kg/s. [HINT: The flow is 
compressible. | 


Solution: This is, in fact, the answer to Prob. 6.162, but who knew? The present 
problem is intended as an iteration exercise, preferably with EES. We know the upstream 
pressure and density and the discharge coefficient, but we must iterate for Y and p2 in the 
basic formula: 


rin =C,YA, |22 PLTP) _ 9.40 els 
1- 


The answer should be / = 0.37 m, Y ~ 0.76, and Cd ~ 0.985, as in Prob. 6.162, but the 
problem is extremely sensitive to the value of h. A 10% change in / causes only a 2% 
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change in mass flow. The actual answer to Prob. 6.161 was a mass flow of 0.402 kg/s. 
EES reports that, for mass flow exactly equal to 0.400 kg/s, the required manometer height 
ish =0.361 m. Ans. 





FUNDAMENTALS OF ENGINEERING EXAM PROBLEMS: Answers 


FE 6.1 In flow through a straight, smooth pipe, the diameter Reynolds number for 
transition to turbulence is generally taken to be 
(a) 1500 (b)2300 (c)4000 (d)250,000 (e) 500,000 
FE 6.2 For flow of water at 20°C through a straight, smooth pipe at 0.06 m3h, the pipe 
diameter for which transition to turbulence occurs is approximately 
(a)1.0cm (b) 15cm (c)2.0cm (d)2.5cm (e)3.0 cm 


FE 6.3 For flow of oil (u= 0.1 kg/(m-s), SG = 0.9) through a long, straight, smooth 5-cm- 
diameter pipe at 14 m°/h, the pressure drop per meter is approximately 
(a) 2200 Pa (b) 2500 Pa (c) 10,000 Pa (d)160Pa (e) 2800 Pa 


FE 6.4 For flow of water at a Reynolds number of 1.03E6 through a 5-cm-diameter 
pipe of roughness height 0.5 mm, the approximate Moody friction factor is 
(a) 0.012 (b) 0.018 (c) 0.038 (d) 0.049 (e) 0.102 
FE 6.5 Minor losses through valves, fittings, bends, contractions etc. are commonly 
modeled as proportional to 
(a) total head (b) static head (c) velocity head (d) pressure drop (e) velocity 


FE 6.6 A smooth 8-cm-diameter pipe, 200 m long, connects two reservoirs, containing 
water at 20°C, one of which has a surface elevation of 700 m and the other with its 
surface elevation at 560 m. If minor losses are neglected, the expected flow rate through 
the pipe is 

(a) 0.048 m°/h (b)2.87m?/h (c)134m°/h (d) 172mĉ/h (e)385 m/h 
FE 6.7 If, in Prob. FE 6.6 the pipe is rough and the actual flow rate is 90 m?/hr, then the 
expected average roughness height of the pipe is approximately 

(a) 1.0mm (b)1.25mm (c)1.5mm (d)1.75mm (e)2.0 mm 
FE 6.8 Suppose in Prob. FE 6.6 the two reservoirs are connected, not by a pipe, but by a 
sharp-edged orifice of diameter 8 cm. Then the expected flow rate is approximately 
(@)90m°/h (b)579m3/h (c)748 m/h (d) 949 m/h (e) 1048 m?/h 

FE 6.9 Oil (u = 0.1 kg/(m-s), SG = 0.9) flows through a 50-m-long smooth 8-cm- 
diameter pipe. The maximum pressure drop for which laminar flow is expected is 


approximately 
(a)30 kPa (b)40kPa (c)50kPa (d)60kPa (e)70 kPa 
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FE 6.10 Air at 20°C and approximately 1 atm flows through a smooth 30-cm-square 
duct at 1500 cubic feet per minute. The expected pressure drop per meter of duct length is 
(a) 1.0Pa (b)2.0 Pa (c)3.0Pa (d)4.0Pa (e)5.0 Pa 
FE 6.11 Water at 20°C flows at 3 cubic meters per hour through a sharp-edged 3-cm- 
diameter orifice in a 6-cm-diameter pipe. Estimate the expected pressure drop across the 

orifice. 
(a) 440 Pa (b) 680 Pa (c)875 Pa (d)1750 Pa (e) 1870 Pa 


FE 6.12 Water flows through a straight 10-cm-diameter pipe at a diameter Reynolds 
number of 250,000. If the pipe roughness is 0.06 mm, what is the approximate Moody 
friction factor? 
(a) 0.015 (b) 0.017 (c) 0.019 (d)0.026 (e) 0.032 
FE 6.13 What is the hydraulic diameter of a rectangular air-ventilation duct whose 
cross-section is 1 meter by 25 cm? 
(a)25cm (b)40 cm (c)50cm (d)75cm (e) 100 cm 
FE 6.14 Water at 20°C flows through a pipe at 300 gal/min with a friction head loss of 
45 ft. What is the power required to drive this flow? 
(a)0.16kW (b)1.88kW (c)2.54kW (d)3.41kW (ce) 4.24kW 
FE 6.15 Water at 20°C flows at 200 gal/min through a pipe 150 m long and 8 cm in 


diameter. If the friction head loss is 12 m, what is the Moody friction factor? 
(a) 0.010 (b)0.015 (c) 0.020 (d)0.025 (e) 0.030 
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COMPREHENSIVE PROBLEMS 


C6.1 A pitot-static probe will be used to measure the velocity distribution in a water 
tunnel at 20°C. The two pressure lines from the probe will be connected to a U-tube 
manometer which uses a liquid of specific gravity 1.7. The maximum velocity expected 
in the water tunnel is 2.3 m/s. Your job is to select an appropriate U-tube from a 
manufacturer which supplies manometers of heights 8, 12, 16, 24 and 36 inches. The cost 
increases significantly with manometer height. Which of these should you purchase? 


Solution: The pitot-static tube formula relates velocity to the difference between 
stagnation pressure po and static pressure ps in the water flow: 
kg 


P-P; = Lay, where p,,=998 —> and Vna =2.3 ea 
+ 32 m s 


Meanwhile, the manometer reading A relates this pressure difference to the two fluids: 


PoP; = rii — Py gh ae Pw (SG nano z Dgh 
y? (2.3% 


h max = =0.385 m =15.2 in 
1) 2(9.81)(1.7-1) 


Solve for Anax = 
2g(SG 


mano 


It would therefore be most economical to buy the 16-inch manometer. But be careful 
when you use it: a bit of overpressure will pop the manometer fluid out of the tube! 





C6.2 A pump delivers a steady flow of water (p,:) from a large tank to two other 
higher-elevation tanks, as shown. The same pipe of diameter d and roughness ¢ is used 
throughout. All minor losses except through the valve are neglected, and the partially- 
closed valve has a loss coefficient Kvalve. Turbulent flow may be assumed with all 
kinetic energy flux correction coefficients equal to 1.06. The pump net head H is a known 
function of QA and hence also of VA = QA/Apipe, for example, H=a-bV,, where a 
and b are constants. Subscript J refers to the junction point at the tee where branch A 
splits into B and C. Pipe length LC is much longer than LB. It is desired to predict the 
pressure at J, the three pipe velocities and friction factors, and the pump head. Thus there 
are 8 variables: H, VA, VB, VC, fA, fB, fC, pJ. Write down the eight equations needed to 
resolve this problem, but do not solve, since an elaborate iteration procedure, or an 
equation solver such as EES, would be required. 
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Solution: First, equation (1) is clearly the pump performance: 


H=a-bVx 


alm 
Mas et 


3 Moody factors: f,= fen{ 


aln 
Net 


Ís = fen( vs, 


M 


fem fale) 


a 


Conservation of mass (constant area) at the junction J: VA = VB + VC 
Finally, there are three independent steady-flow energy equations: 








L,Vi La Vp 
(1) to (2): 2, =2,- H+ fap 7g fag 
d 2g 
LV- L l Ve 
(1) to (3): 2, = 23 A+ fy dd Jeg < g Karez 
d 2g 2 
L; Vg 
(J) to (2): A ee + fot 





branch B, Le 












—V 


branch A, La 





Va — 
large tank 







large tank 


branch C, Le 


large tank 


valve 
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(1) 


(2) 
(3) 
(4) 


(5) 


(6) 


(7) 


(8) 








Fig. PC6.2 
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C6.3 The water slide in the figure is to be installed in a şwimming pool. The 
manufacturer recommends a continuous water flow of 1.39E-3 m3/s (about 22 gal/min) 
down the slide to ensure that customers do not burn their bottoms. An 80%-efficient 
pump under the slide, submerged 1 m below the water surface, feeds a 5-m-long, 4-cm- 
diameter hose, of roughness 0.008 cm, to the slide. The hose discharges the water at the 
top of the slide, 4 m above the water surface, as a free jet. Ignore minor losses and 
assume & = 1.06. Find the brake horsepower needed to drive the pump. 


3 
3 





| 


FigC6.3 


Solution: For water take p = 998 kg/m? and y= 0.001 kg/m-s. Write the steady-flow energy 
equation from the water surface (1) to the outlet (2) at the top of the slide: 





2 2 
Pa k z = Po Pe 2 thy —hyyyps Where ire 5 106 a 
pg 2g pg 2g (0.02) s 


2 Vy L 
Solve for Beas =(Z, AS Ay tfa 
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Work out Red = pVd/u = (998)(1.106)(0.04)/0.001 = 44200, ad = 0.008/4 = 0.002, 
whence fMoody = 0.0268. Use these numbers to evaluate the pump head above: 





2 
Bump = (5-0-1.0)+4 ULOS i jea 0.0268( 0) =4.27m, 
2(9.81) 0.04 





PEA jump — 998(9.81)(1.39E-3)(4.27) 
n 0.8 


whence BHP 


required — 


= 73 watts Ans. 





C6.4 Suppose you build a house out in the ‘boonies,’ where you need to run a pipe to 
the nearest water supply, which fortunately is about 1 km above the elevation of your 
house. The gage pressure at the water supply is 1 MPa. You require a minimum of 
3 gal/min when your end of the pipe is open to the atmosphere. To minimize cost, you 
want to buy the smallest possible diameter pipe with an extremely smooth surface. 

(a) Find the total head loss from pipe inlet to exit, neglecting minor losses. 

(b) Which is more important to this problem, the head loss due to elevation difference, or 
the head loss due to pressure drop in the pipe? 

(c) Find the minimum required pipe diameter. 


Solution: Convert 3.0 gal/min to 1.89E—4 m?/s. Let 1 be the inlet and 2 be the outlet 


and write the steady-flow energy equation: 


Z1 = 1000 m, 
-7ecpl = 1 MPa 








Fig. C6.4 
age Z e aV 
Pigage 2 2 = Pap 2 Hz +h 
PE & 


age 1E6 kP 
or: hy =z z + Eeee — 1000 m4 é 
pZ 998(9.81) 


(b) Thus, elevation drop of 1000 m is more important to head loss than Ap/pg = 102 m. 


=1000+102=1102m Ans. (a) 
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(c) To find the minimum diameter, iterate between flow rate and the Moody chart: 





LV? ( 2.51 ) 
h-=f——, L=6000 m, l mlog] ao J V= g ; 
d 2g JF Rey f ad” /4 
3 
bain Emel 
S v 


We are given hf= 1102 mand water = 1.005E—6 m/s. We can iterate, if necessary, or use 
EES, which can swiftly arrive at the final result: 


f, 


noah = 0.0266; Re=17924; V=1.346 m/s; dmim =0.0134m Ans.(c) 


min 





C6.5 Water at 20°C flows, at the same flow rate Q = 9.4E—4 m/s, through two ducts, 
one a round pipe, and one an annulus, as shown. The cross-section area A of each duct is 
identical, and each has walls of commercial steel. Both are the same length. In the cross- 
sections shown, R = 15 mm and a = 25 mm. 
(a) Calculate the correct radius b for the 
annulus. 

(b) Compare head loss per unit length for 
the two ducts, first using the hydraulic 
diameter and second using the ‘effective 
diameter’ concept. 

(c) If the losses are different, why? Which 
duct is more ‘efficient’? Why? 





Fig. C6.5 
Solution: (a) Set the areas equal: 


A=aR =n(a?-b’), or: b= Va? —R? = (25% -(15)2 =20 mm _ Ans. (a) 


(b) Find the round-pipe head loss, assuming v= 1.005E-6 m2/s: 





3 
y a2 _94EAm'ss _1 43M. pg _(133)(0.030) 


$ = 39700; 
A 7(0.015 my s 1.005E-6 


7 = 0.00153, fyo = 0.0261 


Thus hf/L = (f/A)(V?/2g) = (0.0261/0.03)(1.332)/2/9.81 = 0.0785 (round) Ans. (b) 
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Annulus: Dh = 4A/P = 2(a-b) = 20 mm, same V = 1.33 m/s: 





VD 
Rep = — 4 — 26500, = = 0.0023, farooay = 0.0291, 
h 


(fv?) 
WPF 35) 


Effective-diameter concept: b/a = 0.8, Table 6.3: Deff = 0.667Dh = 13.3 mm. Then 


=0.131 (annulus) Ans. (b) 


Rep. = 17700, A = 0.00345, fijooay = 0.0327, 
eff 


h 2 
s SY o7 (annulus—D,y) Ans. (b) 
L D,2g í 


NOTE: Everything here uses Deff except hf, which by definition uses Dh. 


We see that the annulus has about 85% more head loss than the round pipe, for the same area 
and flow rate! This is because the annulus has more wall area, thus more friction. Ans. (c) 





C6.6 John Laufer (NACA Tech. Rep. 1174, 1954) gave velocity data for 20°C airflow in 
a smooth 24.7-cm-diameter pipe at Re ~ 5 E5: 


u/ucL: 1.0 0.997 0.988 0.959 0.908 0.847 0.818 0.771 0.690 
r/R: 0.0 0.102 0.206 0.412 0.617 0.784 0.846 0.907 0.963 


The centerline velocity wCL was 30.5 m/s. Determine (a) the average velocity by 
numerical integration and (b) the wall shear stress from the log-law approximation. 
Compare with the Moody chart and with Eq. (6.43). 


Solution: For air at 20°C, take p = 1.2 kg/m? and wz = 0.00018 kg/m-s. The average 
velocity is defined by the (dimensionless) integral 
r 


as) ndn, where 7=— 
u 


18 y ! 
V= —Í u(2ar)dr, or: —— =Í 
aR 5 9 UcL R 


Ucr 
Prepare a spreadsheet with the data and carry out the integration by the trapezoidal rule: 
1 


Í _ 2nd [(u/u, om + (WU) M(H — 7m) +[CU/U, )3 7 + (WU, 2 (7 — Mh) +0 


0 ~e 
The integral is evaluated on the spreadsheet below. The result is V/uCL ~ 0.8356, 


or V æ (0.8356)(30.5) = 25.5 m/s. Ans. (a) 
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The wall shear stress is estimated by fitting the log-law (6.28) to each data point: 
For each (u,y), a simh 2t ) +B, «0.41 and Bw5.0 
u* K v 


We know v for air and are given u and y from the data, hence we can solve for u*. The 
spreadsheet gives u* ~ 1.1 m/s + 1%, or Tw = pu*? =(1.2)d1. 1? 21.45 Pa. Ans. (b) 


y/R r/R u/uCL Ju/ucy 2zr/R dr/R u* 
1.000 0.000 1.000 .0000 — 
0.898 0.102 0.997 .0104 1.126 
0.794 0.206 0.988 .0421 1.128 
0.588 0.412 0.959 .1654 1.126 
0.383 0.617 0.908 .3613 1.112 
0.216 0.784 0.847 .5657 1.099 
0.154 0.846 0.818 .6498 1.101 
0.093 0.907 0.771 .1347 1.098 
0.037 0.963 0.690 8111 1.097 
0.000 1.000 0.000 8356 — 


We make similar estimates from the Moody chart by evaluating Re and f and iterating: 


1.2(25)(0.24 
1.225)(0.247) < 412000, fmooin © 0.0136 
0.00018 


Vootter =Ucr /[1+1.3 Vf] ¥ 26.5, whence Re ~ 436000, fya = 0.0135 


Guess V = 25 m/s, then Re= 


This converges to V~26.5m/s Ans. and tw=(f/8)pV7 ~ 1.42 Pa. Ans. 





C6.7 Consider energy exchange in fully-developed laminar flow between parallel 
plates, as in Eq. (6.63). Let the pressure drop over a length L be Ap. Calculate the rate of 
work done by this pressure drop on the fluid in the region (0 < x < L, -h < y < +h) and 
compare with the integrated energy dissipated due to the viscous function ® from 
Eq. (4.50) over this same region. The two should be equal. Explain why this is so. Can 
you relate the viscous drag force and the wall shear stress to this energy result? 


Solution: From Eq. (6.63), the velocity profile between the plates is parabolic: 


Sof. gt 2 
=-yji-{| where V= AA is the average velocity 
ae) 3u L 


4 
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Let the width of the flow be denoted by b. The work done by pressure drop Ap is: 


2, 
W, ressure ApVA= (2 |r2n)- = oe 


press 


Meanwhile, from Eq. (4.50), the viscous dissipation function for this fully-developed flow is: 


2 2.2 
Ou 3Vy ou y 
p= = — | = lo 
d3] 5 ( r ) n 
Integrate this to get the total dissipated energy over the entire flow region of dimensions 
L by b by 2h: 
+h 


Pispa = Lb] (a) 2 JY n Wira! Ans. 





The two energy terms are equal. There is no work done by the wall shear stresses (where 
u = 0), so the pressure work is entirely absorbed by viscous dissipation within the flow 
field. Ans. 





C6.8 This text has presented the traditional correlations for turbulent smooth-wall friction 
factor, Eq. (6.38), and the law-of-the-wall, Eq. (6.28). Recently, groups at Princeton and Oregon 


[56] have made new friction measurements and suggest the following smooth-wall friction law: 


al ae 1.930 log j9(Rep yf) — 0.537 


Vf 


In earlier work, they also report that better values for the constants « and B in the log-law, 


Eq. (6.28), are « ~ 0.421 + 0.002 and B = 5.62 + 0.08. (a) Calculate a few values of f in the 
range 1E4 < Rep < 1E8 and see how the two formulas differ. (b) Read Ref. 56 and briefly check 
the five papers in its bibliography. Report to the class on the general results of this work. 
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Solution: The two formulas are practically identical except as the Reynolds number is 
very high or very low. The new formula was fit to new, and extensive, friction data in 


Ref. 56 and can thus be said to be slightly more accurate. Here is a table of calculations. 


Rep Prandtl f Ret.56 Difference 
3000 0.04353 0.04251 -2.41% 
10000 0.03089 0.0305 -1.10% 
30000 0.02349 0.02344 -0.18% 
100000 0.01799 0.01811 0.62% 
300000 0.01447 0.01464 1.22% 
1000000 0.01165 0.01186 1.76% 


3.0E+06 0.009722 0.009938 2.17% 
1.0E+07 0.008104 0.008316 2.56% 
3.0E+07 0.006949 0.007153 2.86% 
1.0E+08 0.005941 0.006134 3.15% 


They differ by no more than 3%. 





C6.9 A pipeline has been proposed to carry natural gas 1715 miles from Alaska’s 
North Slope to Calgary, Alberta, Canada. The (smooth) pipe diameter will be 52 inches. 
The gas will be at high pressure, averaging 2500 lbs/in’. (a) Why? The proposed flow rate 
is 4 billion cubic feet per day at sea-level conditions. (b) What volume flow rate, at 20°C, 
would carry the same mass at the high pressure? (c) If natural gas is assumed to be 
methane (CH,), what is the total pressure drop? (d) If each pumping station can deliver 
12,000 hp to the flow, how many stations are needed? 


Solution: From Table A.4, for CHy, R = 518 m7/(s’-K) and w= 1.03E-5 kg/m-s. Sea-level 
density is p> = p/RT = 101350/[518(288)] = 0.679 kg/m’. The proposed mass flow rate is 


vol = (4.0E9 ft? )(0.3048m/ ft) = 1.13E8 m ; 
QO =vol/time =(.13E8m*) (24x 3600s) = 1311m? / s 
m= pQ = (0.679kg/m?)1311m3/s) = 890 kg/s 
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(a) The high pressure means that the gas is compacted about 170 times and thus much 
less volume needs to be pumped. Ans.(a) 


(b) At 2500 Ibs/in? = 1.72E7 Pa and 20°C, the average gas density would be 
Pp _ 1.72E7Pa a. iy kg 


RT (518m? /s”K)(293K) m? 


To match the mass flows, we would have 





p= 


i kg . kg m? 
Metandard = On = Mpipetine = ad 14-7) Qpipeline , hence Q pipeline = nea Ans.(b) 
s m s 


(c) For the pressure drop, first find the Moody (smooth-wall) friction factor: 


3 
Vam L TREIS s7, Re = AUD = W4NS.73)0.32) gasp 
A  (1141.32m) s u 0.0000103 
R 
F x 200g F207, yields fas * 0.00608 


Convert 1715 miles = 2760 km. Then the Darcy formula gives the (horizontal) pressure drop: 


Apoi = f LV? = (0.006082 H (5 973)? = 2.3787 Pa = 3440 PE Anso) 
D2 1.32m 2 D 


(d) Total horsepower = Q Ap = (7.84)(2.37E7) = 1.86E8 W + 745.7 = 249,000 hp total. 
If we divide this by 12,000 hp per pump, we get 20.76 or 21 pump stations minimum. 
Ans. (d) 


Each station must increase the gas pressure by 3440/21 = 164 psi, only 7% of the average 
pressure in the pipeline. 
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P7.1 An ideal gas, at 20°C and 1 atm, flows at 12 m/s past a thin flat plate. At a 
position 60 cm downstream of the leading edge, the boundary layer thickness is 5 mm. 
Which of the 13 gases in Table A.4 is this likely to be? 


Solution: We are looking for the kinematic viscosity. For a gas at low velocity and a short 
distance, we can guess laminar flow. Then we can begin by trying Eq. (7.1a): 


8 0005m 50 — 50 5.0 Vv 
x 06m Re, ẸWWxiv — (12m/s)(0.6m) 
Solve for v = 2.0E-5m’7/s 


The only gas in Table A.4 which matches this viscosity is the last one, CH4. Ans. 
But wait! Is it laminar? Check Re, = (12)(0.6)/(2.0E-5) = 360,000. Yes, OK. 














7.2 A gas at 20°C flows at 8 ft/s past a smooth, sharp flat plate. At x = 206 cm, the 
boundary layer thickness is 5 cm. Which of the gases in Table A.4 is this most likely to be? 


Solution: Velocity fairly slow, U = 8 ft/s = 2.44 m/s. Distance x fairly long, but let’s 
begin by guessing a laminar boundary layer: 








S O io eoe Re, ~ 42,400 (OK for laminar flow) 
x 206cm Re, 
2 
If this is correct, Re, = 42,400 = Us = CAE) solve v = 1.18E-4 Ie 
v v s 


This value of vexactly matches helium in Table A.4. Itis not far from the value for hydrogen, 
but the helium result is right on the money. Ans. 

Guessing turbulent flow, d/x = 0.0243 = 0.16/Re,!”, solve Rex * 541,000 (too small for 
transition to turbulence on a smooth wall). This would give v ~ 9.3E-6, about 15% greater 
than the kinematic viscosity of CO2. But the Reynolds number is too low, so I reject this 
answer. 
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P7.3 Equation (7.1b) assumes that the boundary layer on the plate is turbulent from the 
leading edge onward. Devise a scheme for determining the boundary-layer thickness 
more accurately when the flow is laminar up to a point Rex,crit and turbulent thereafter. 
Apply this scheme to computation of the boundary-layer thickness at x = 1.5 m in 40 m/s 
flow of air at 20°C and 1 atm past a flat plate. Compare your result with Eq. (7.1b). 
Assume Rex,crit  1.2E6. 


TURBULENT 


5 based on Xeff 





Fig. P7.3 


Solution: Given the transition point Xcrit, Recrit, calculate the laminar boundary layer 
thick-ness dc at that point, as shown above, dc/xc = 5.0/Recrit!/”. Then find the “apparent” 
distance upstream, Lc, which gives the same turbulent boundary layer thickness, 
ô lL, x 0.16/Re,,”. Then begin Xeffective at this “apparent origin” and calculate the 
remainder of the turbulent boundary layer as 6/xeff ~ 0.16/Reeft!/7, Illustrate with a 
numerical example as requested. For air at 20°C, take p = 1.2 kg/m? and u = 1.8E-5 
kg/m-s. 





Reeder = Gra een then 5,= aut) ~ 0.00205 m 
1.8E-5 (1.2E6) 
716 1/6 716 1/6 
Compute L, -( ô ) py ("| 1.2040) = 0.0731 m 
016) (x 0.16 1.8E-5 


Finally, at x = 1.5 m, compute the effective distance and the effective Reynolds number: 


x, =1.5+0.0731-0.45=1.123 m, Re, ~ 12400123) 2 995Ẹ6 


1.8E-5 
hts m® ee = ae ~0.0213m Ans. 
Reip  (2.995E6) 





Xerp =X+L, 
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Compare with a straight all-turbulent-flow calculation from Eq. (7.1b): 


_ 1.2(40)(1.5) _ 0.16(1.5) 


Re, = E 1⁄7 
1.8E-5 (4.0E6) 


~4.0E6, whence ôlis m ~ 0.027 m (25% higher) Ans. 





P7.4 A smooth ceramic sphere (SG = 2.6) is immersed in a flow of water at 20°C and 
25 cm/s. What is the sphere diameter if it is encountering (a) creeping motion, Red = 1; 
or (b) transition to turbulence, Red = 250,000? 


Solution: For water, take p = 998 kg/m? and = 0.001 kg/m-s. 
(a) Set Red equal to 1: 


_ Vd _ (998 kg/m*)(0.25 m/s)d 
u 0.001 kg/m-s 
Solve for d=4E-6m=4 yum Ans. (a) 


Re, =1 





(b) Similarly, at the transition Reynolds number, 


(998 kg/m*)(0.25 m/s)d 


Re, = 250000 = 
0.001 kg/m-s 





, solve for d=1.0m_ Ans. (b) 





P7.5 SAE 30 oil at 20°C flows at 1.8 ft/s from a reservoir into a 6-in-diameter 
pipe. Use flat-plate theory to estimate the position x where the pipe-wall boundary 
layers meet in the center. Compare with Eq. (6.5), and give some explanations for the 
discrepancy. 


Solution: For SAE 30 oil at 20°C, take p= 1.73 slug/ft? and u = 0.00607 slug/ft-s. The 
average velocity and pipe Reynolds number are: 


Vong = Q 18 -=9.17 ft Rep = pVD _1.73(9.17)(6/12) 
A (2/4)(6/12) s u 0.00607 





=1310 (laminar) 


Using Eq. (7.1a) for laminar flow, find “xe” where 6= D/2 = 3 inches: 


ae pV _ GM2)°0.73)(9.17) 


a =6.55 ft Ans. (flat-plate boundary layer estimate) 
25u 25(0.00607) 
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This is far from the truth, much too short. Equation (6.5) for laminar pipe flow predicts 
X. =0.06D Rep = 0.06(6/12 ft)(1310) ~ 39 ft Alternate Ans. 


The entrance flow is accelerating, a favorable pressure gradient, as the core velocity 
increases from V to 2V, and the accelerating boundary layer is much thinner and 
takes much longer to grow to the center. Ans. 





P7.6 For the laminar parabolic boundary-layer profile of Eq. (7.6), compute the shape 
factor “H” and compare with the exact Blasius-theory result, Eq. (7.31). 


Solution: Given the profile approximation u/U ~ 27 — rs where 77 = y/o, compute 


ô 1 

u u 2 
0= (1 Jay =6f @ ?\(1-2n+ 7°) dn=—6 

Ja aay Jen m\d-24 + P)dn= = 








3 
Hence H= 6*/0= (6/3)/(26/15) = 2.50 (compared to 2.59 for Blasius solution) 


ô 1 
u 1 
o={( we=af 2n+1) dn=—6 





40 x 40 cm square duct 
P7.7 Air at 20°C and 1 atm enters a 40- Boundary layers 
cm-square duct as in Fig. P7.7. Using the 
“displacement thickness” concept of Fig. 7.4, 
estimate (a) the mean velocity and (b) the 
mean pressure in the core of the flow at the 
position x = 3 m. (c) What is the average 
gradient, in Pa/m, in this section? 


Ucore 





Fig. P7.7 


Solution: For air at 20°C, take p = 1.2 kg/m? and yu = 1.8E—5 kg/m-s. Using laminar 
boundary-layer theory, compute the displacement thickness at x = 3 m: 


Re = pUx = 1.2(2)(3) =4E5 (laminar), ô= 1.721x _ 1.72183) 


= = 0.0082 m 
Xu BES Rel? (4E5)'” 
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2 
L 


s) 
~ 25") 





2 
= eo 0.4 } 


Then, by continuity, Voit = v 
L, 0.4- 0.0164 


x2.175 Ans. (a) 
s 
The pressure change in the (frictionless) core flow is estimated from Bernoulli’ s equation: 
Pexit +2v2 =Po eye 


2 exit 2 0? 
Solve for p|,_3,,= 1 atm—0.44 Pa =—0.44 Pa (gage) Ans. (b) 


OF! exit + a. 175)? =1 atm+ 2.07 


The average pressure gradient is Ap/x = (—0.44 Pa/3.0 m) ~ —0.15 Pa/m Ans. (c) 





P7.8 Air, 9p =1.2 kg/m? and u = 1.8E-5 kg/m's, flows at 10 m/s past a flat plate. At the 
trailing edge of the plate, the following velocity profile data are measured: 


y, mm: 0 05 1.0 2.0 3.0 4.0 5.0 6.0 
u, m/s: 0 175 3.47 6.58 8.70 9.68 10.0 10.0 
u(U —u), m/s: O 14.44 22.66 22.50 11.31 3.10 0.0 0.0 


If the upper surface has an area of 0.6 m°, estimate, using momentum concepts, the 
friction drag, in newtons, on the upper surface. 


Solution: Make a numerical estimate of drag from Eq. (7.2): F = pbÍ u(U —u)dy. We 
have added the numerical values of u(U — u) to the data above. Using the trapezoidal rule 
between each pair of points in this table yields 


ô 


3 
fuu Aa 1 p(s) eee i --]=0.061 m? 
: 1000 2 2 s 





The drag is approximately F = 1.2b(0.061) = 0.073b newtons or 0.073 N/m. Ans. 
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7.9 Repeat the flat-plate momentum analysis of Sec. 7.2 by replacing Eq. (7.6) with 
the simple but unrealistic linear velocity profile suggested by Schlichting [1]: 

HR Z for 0<y<o 

U ô 


Compute momentum-integral estimates of cy, Ox, ô*/x, and H. 


Solution: Carry out the same integrations as Section 7.2. Results are less accurate: 

















5 5 5 
u u y y ô u ô 0/2 
0 = 1 dy = 1 dy=—; ô*= |a dy = —;H= = 3.0 
La! ie [5i Bs ig ge aie 
Ty = gee pU? we = pU? AO ; Integrate: et æ v12 N 3.64 
6 dx dx x Re, Re, 
Substitute these results back for the following inaccurate estimates: 
* 
Cr = oe al ; o a ee ; H =3.0 Ans.(a,b,c,d) 
x Re, x Re, 





P7.10 Repeat Prob. 7.9, using the polynomial profile suggested by K. Pohlhausen in 
1921: 


i 3 4 
U aLa ed 


U 8 P 


Does this profile satisfy the boundary conditions of laminar flat-plate flow? 


Solution: Pohlhausen’s quadratic profile satisfies no-slip at the wall, a smooth merge 
with u — U as y — 6, and, further, the boundary-layer curvature condition at the wall. 
From Eq. (7.19b), 

z o) 


(a a u 2u) Ou 
u— +v 5 =0, or: > |wall 
aa par) a 


wall 





=0 for flat-plate flow ( 


|> 
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This profile gives the following integral approximations: 


37 3 
0x — ó, O*=—6; 1, ® u—*x PU — 
315 ig ee eis 
ô (1260/37) 5.83 0 0.685 
z z ; CG = ; 
X Re, Re, x Re, 
o* 1,751. 


2U ‘ af ai 5) , integrate to obtain: 





xX Re , 





H z 2.554 Ans. (a, b, c, d) 





P7.11 Air at 20°C and 1 atm flows at 2 m/s past a sharp flat plate. Assuming that the 
Kármán parabolic-profile analysis, Eqs. (7.6-7.10), is accurate, estimate (a) the local 
velocity u; and (b) the local shear stress 7 at the position (x, y) = (50 cm, 5 mm). 


Solution: For air, take p= 1.2 kg/m? and u = 1.8E-5 kg/m-s. First compute Rex = 
(1.2)(2)(0.5)/(1.8E-5) = 66667, and 6(x) = (0.5m)(5.5)/(66667)"”” = 0.01065 m. The 
location we want is y/6= 5 mm/10.65 mm = 0.47, and Eq. (7.6) predicts local velocity: 


2 
u(0.5 m, 5 mm) x U (22-25) = (2 m/s)[2(0.47) —(0.47)?] © 1.44 m/s Ans. (a) 


The local shear stress at this y position is estimated by differentiating Eq. (7.6): 
ĉu ww (2 2) _ (L.8E-5 kg/m-s)(2 m/s) 


0.5 m, 5 mm) = = 
x Hy 6 5 0.01065 m 


= 0.0036 Pa Ans. (b) 





(2 —2(0.47)] 





P7.12 The velocity profile shape u/U ~ 1 — exp(—4.605y/6) is a smooth curve with u = 
0 at y= 0 and u = 0.99U at y = 6 and thus would seem to be a reasonable substitute for 
the parabolic flat-plate profile of Eq. (7.3). Yet when this new profile is used in the integral 
analysis of Sec. 7.3, we get the lousy result 6/x = 9.2/Re;”,, which is 80 percent high. 
What is the reason for the inaccuracy? [Hint: The answer lies in evaluating the laminar 


boundary-layer momentum equation (7.19b) at the wall, y = 0.] 
Solution: This profile satisfies no-slip at the wall and merges very smoothly with u —> U 


at the outer edge, but it does not have the right shape for flat-plate flow. It does not 
satisfy the zero curvature condition at the wall (see Prob. 7.10 for further details): 


Evaluate 





2 2 
2 T07 (1) Ux 12u 0 by along measure! 


oy’ ô Oo 
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The profile has a strong negative curvature at the wall and simulates a favorable pressure 
gradient shape. Its momentum and displacement thickness are much too small. 





P7.13 Derive modified forms of the laminar boundary-layer equations for flow along 
the outside of a circular cylinder of constant R, as in Fig. P7.13. Consider the two cases 
(a) << R; and (b) ~ R. What are the boundary conditions? 


Solution: The Navier-Stokes equations for cylindrical coordinates are given in 
Appendix D, with “x” in the Fig. P7.13 denoting the axial coordinate “z.” Assume 
“axisymmetric” flow, that is, vg = 0 and @0@ = 0 everywhere. The boundary layer 
assumptions are: 







— 6(x) 


p = constant 


Fig. P7.13 


v, << u; AT 2i, Ar << aN: ; hence r-momentum (Eq. D-5) becomes op z0 
Ox or Ox or or 








Thus p ~ p(x) only, and for a long straight cylinder, p ~ constant and U ~ constant 


Then, with p /2x = 0, the x-momentum equation (D-7 in the Appendix) becomes 


pu + py, Aa z #2(.2) when óx R Ans. (b) 
plus continuity: oe L2 iv, z0 whenôxR Ans. (b) 


For thick boundary layers (part b) the radial geometry is important. 
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If, however, the boundary layer is very thin, << R, then r =R + y ~R itself, and we can 
use (x, y) coordinates: 


Conimiy FO er SLR Hise) 
ôx oy 
2 
x-momentum: we + pv, har jee if 6<<R_ Ans. (a) 
ôx oy oy 


Thus a thin boundary-layer on a cylinder is exactly the same as flat-plate (Blasius) 
flow. 





P7.14 Show that the two-dimensional laminar-flow pattern with dp/dx = 0, 


u=U,d-e%) v=w <0 


is an exact solution to the boundary-layer equations (7.19). Find the value of the constant 
C in terms of the flow parameters. Are the boundary conditions satisfied? What might this 
flow represent? 





Fig. P7.14 


Solution: Substitute these (u,v) into the x-momentum equation (7.19b) with Ou/Ox = 0: 
EN GLES ii Cu 

Ox oy By’ 

or: C= pv,/yu= constant < 0 





pu or: 0+ pv.) CU,e) ~ u(-C’U,e"), 


If the constant is negative, u does not go to and the solution represents laminar 
boundary-layer flow past a flat plate with wall suction, vo < 0 (see figure). It satisfies 


at y = 0: u=0 (no slip) and v = vo (suction); as y > œ, u > Uo (freestream) 


The thickness ô, where u ~ 0.99Uo, is defined by exp(pvoô/4) = 0.01, or = —4.6u/ pvo. 
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P7.15 Discuss whether fully developed 
laminar incompressible flow between 
parallel plates, Eq. (4.143) and Fig. 4.16b, 
represents an exact solution to the 
boundary-layer equations (7.19) and the 
boundary conditions (7.20). In what sense, 
if any, are duct flows also boundary-layer 
flows? 





Solution: The analysis for flow between parallel plates leads to Eq. (4.143): 
-(2) rl, y? | o $ 


dx Zyl! h? Ji i dx 
It is indeed a “boundary layer,” with v <<u and Op/dy ~ 0. The “freestream” is the 
centerline velocity, umax = (— dp/dx)(h”, /2y1). The boundary layer does not grow because it 
is constrained by the two walls. The entire duct is filled with boundary layer. Ans. 


constant < 0; s =0, u(+h)=0 





P7.16 A thin flat plate 55 by 110 cm is 
immersed in a 6-m/s stream of SAE 10 oil at 
20°C. Compute the total friction drag if the 
stream is parallel to (a) the long side and 
(b) the short side. 





Solution: For SAE 30 oil at 20°C, take p = 891 kg/m? and y= 0.29 kg/m-s. 


(a) L=110cm, Re, -26D 20300 (laminar), Cp = EAN = 0.00933 


(20300)"” 


F=Cp (4 7 Je? (2bL) = 0. 00933 1)? (2(0.55)(1.D]=181N Ans. (a) 


The drag is 41% more if we align the flow with the short side: 


(b) L=55cm, Re, =10140, C, =0.0132, F~256N (41% more) Ans. (b) 





7.17 Consider laminar flow past a flat plate of width b and length L. What 
percentage of the friction drag on the plate is carried by the rear half of the plate? 
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Solution: The formula for laminar boundary drag on a plate is Eq. (7.26): 
D(x) = 0.664b p"? wi? U? x? = (const) x"? 


At x = L, we obtain a force equal to (const) L'”. At x = L/2, we obtain a force equal to 
(const) L'”/\2, which is 70.7% of the total force. Thus the force on the trailing half of 
the plate is only (100 — 70.7) = 29.3% of the total force on the plate. 





P7.18 The approximate answers to Prob. 7.11 are u ~ 1.44 m/s and r= 0.0036 Pa at x = 
50 cm and y=5 mm. [Do not reveal this to your friends who are working on Prob. 7.11.] 
Repeat that problem by using the exact Blasius flat-plate boundary-layer solution. 


Solution: (a) Calculate the Blasius variable 7 (Eq. 7.21), then find f' = u/U at that position: 


U 2 m/s 
iy) SOS il E 
no (0.000015 m?/s(0.5 m) 


Table 7.1: a 0.768, <. ux1.54m/s Ans. (a) 


(b) Differentiate Eq. (7.21) to find the local shear stress: 


r= u2 = uiuon wf” sro. At ņ=2.58, estimate f"(1)~ 0.217 
oy oy Vx 


Then r= (0.000018)(2.0) pe SO = (0.217) ~ 0.0040 Pa Ans. (b) 
(0.000015)(0.5) 





P7.19 Air at 20°C and 1 atm flows at 50 ft/s past a thin flat plate whose area (bL) is 24 ft’. 
If the total friction drag is 0.3 lbf, what are the length and width of the plate? 


Solution: For air at 20°C and 1 atm, take p = 0.00238 slug/ft and u= 3.76E-7 slug/ft-s. Low 
speed air, not too big a plate: Guess laminar flow and check this later. Use Eq. (7.27): 








Cp = 1228 (one side) hence F = Cp Py 2bL , where bL= 24 fr? 
Re, 2 
Kopi aa Bay = 1.328 v3.76E -7 (0.00238) 50)? opr, 
4 (0.00238)(50)L 2 
24 


Solve: bJL = 21.36 = SNL. or: JL =1.12 L =1.26 ft, b = 19.0 ft Ans. 
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Check the Reynolds number: Rez = (0.00238)(50)(1.26)/(3.76E-7) = 399,000. Laminar, OK. 





P7.20 Air at 20°C and 1 atm flows at 20 m/s past the flat plate in Fig. P7.20. A pitot 
stagnation tube, placed 2 mm from the wall, develops a manometer head h = 16 mm of 
Meriam red oil, SG = 0.827. Use this information to estimate the downstream position x 
of the pitot tube. Assume laminar flow. 


L- 


pos ee 


h 





m 


Fig. P7.20 


Solution: For air at 20°C, take p = 1.2 kg/m? and z= 1.8E—5 kg/m-s. Assume constant 
stream pressure, then the manometer can be used to estimate the local velocity u at the 
position of the pitot inlet: 


AP mano = Po ~ Peo = (Poit — Pair ZH mano = [0.827(998) — 1.2](9.81)(0.016) + 129 Pa 


Then u = [2Ap/p]? =[2(129)/1.2]? ~ 14.7 m/s 


pitot inlet 
Now, with u known, the Blasius solution uses u/U to determine the position 7: 


uo! 074. Table 7.1 read yx 242= y(U/vx)"? 
U 20 
or: x =(U/V)(y/n? = (20/1.5E-5)(0.002/2.42} ~ 0.908m Ans. 
Check Rex = (20)(0.908)/(1.5E-5) ~ 1.21E6, OK, laminar if the flow is very smooth. 





576 Solutions Manual e Fluid Mechanics, Fifth Edition 


P7.21 For the experimental set-up of Fig. P7.20, suppose the stream velocity is 
unknown and the pitot stagnation tube is traversed across the boundary layer of air at 1 
atm and 20°C. The manometer fluid is Meriam red oil, and the following readings are 
made: 


y, mm: 05 10 15 2.0 2.5 3.0 3.5 4.0 4.5 5.0 
h, mm: 12 46 98 15.8 21.2 25.3 27.8 29.0 297 29.7 


Using this data only (not the Blasius theory) estimate (a) the stream velocity, (b) the 
boundary layer thickness, (c) the wall shear stress, and (d) the total friction drag between 
the leading edge and the position of the pitot tube. 


Solution: As in Prob. 7.20, the air velocity u = [2(poil — pair) gh/ pair)" >. For the oil, 
take poil = 0.827(998) = 825 kg/m?, For air, p = 1.2 kg/m? and u = 1.8E-5 kg/m<s. (a, b) 
We see that / levels out to 29.7 mm at y = 4.5 mm. Thus 


U,, =[2(825 -1.2)(9.81)(0.0297)/1.2]” =20.0 m/s Ans.(a) 5=4.5mm_ Ans. (b) 
(c) The wall shear stress is estimated from the derivative of velocity at the wall: 


4.02—0 
0.0005 —0 





T, =u a [osu 7 x (1.8E sí ) ~0.14Pa_ Ans. (c) 


oy 
where we have calculated unear-wall = [2(825 — 1.2)(9.81)(0.0012)/1.2]!”2 = 4.02 m/s. 
(d) To estimate drag, first see if the boundary layer is laminar. Evaluate Re s: 


Res = PUD, = LALO? ~ 6000, which implies Re zx 1.44E6 


4 1.8E-5 ‘x,laminar 


This is a little high, maybe, but let us assume a smooth wall, therefore laminar, in which 
case the drag is twice the local shear stress times the wall area. From Prob. 7.20, we 
estimated the distance x to be 0.908 m. Thus 


F x 27, xb = 2(0.14 Pa)(0.908 m)(1.0) = 0.25 N per meter of width. Ans. (d) 





P7.22 For the Blasius flat-plate problem, Eqs. (7.21) to (7.23), does a two-dimensional 
stream function y(x, y) exist? If so, determine the correct dimensionless form for y, 
assuming that y= 0 at the wall, y = 0. 
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Solution: A stream function y(x, y) does exist because the flow satisfies the two- 
dimensional equation of continuity, Eq. (7.19a). That is, u = 0y/ey and v = -0y ôx. 
Given the “Blasius” form of u, we may integrate to find y: 


u, thus w= Ju dyl,- a (us £a SE i (us “ja dn Vvx/0) 
or w=(vxU)” Í df =(vxU)®f Ans. 
0 


The integration assumes that y= 0 at y = 0, which is very convenient. 





P7.23 Suppose you buy a 4 x 8-ft sheet of plywood and put it on your roof rack, as in 
the figure. You drive home at 35 mi/h. 

(a) If the board is perfectly aligned with the airflow, how thick is the boundary layer at 
the end? (b) Estimate the drag if the flow remains laminar. (c) Estimate the drag for 
(smooth) turbulent flow. 





Fig. P7.23 


Solution: For air take p = 1.2 kg/m? and u = 1.8E-5 kg/m-s. Convert L = 8 ft = 2.44 m 
and U = 35 mi/h = 15.6 m/s. Evaluate the Reynolds number, is it laminar or turbulent? 


pUL _1.2(15.6)(2.44) 


Re, = = 
og 1.8E-5 


=2.55E6 probably laminar + turbulent 


(a) Evaluate the range of boundary-layer thickness between laminar and turbulent: 





Laminar: 2 = E x S = 0.00313, or: ô% 0.00765 m = 0.30 in 
L 244m vy2.55E6 
Turbulent: D. z NISL =0.0195, or: ôx~0.047 m=1.9in Ans. (a) 


2.44 (2.55E6)!” 
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(b, c) Evaluate the range of boundary-layer drag for both laminar and turbulent flow. 
Note that, for flow over both sides, the appropriate area A = 2bL: 


Pr? ( 1.328 ) 1.2 A , 
Fam = Cp ZU A x| === | — (15.6) (2.44 x 1.22 x2 sides) =0.73N Ans. (b) 
25 V2.55E6/ 2 


ù 0031 12 


ub S| y | (15.6) (2.44 x1.22x2 sides)=3.3N_ Ans. (c) 
mo ~| 2 55E67) 2 


We see that the turbulent drag is about 4 times larger than laminar drag. 





P7.24 Air at 20°C and 1 atm flows past the flat plate in Fig. P7.24. The two pitot tubes 
are each 2 mm from the wall. The manometer fluid is water at 20°C. If U = 15 m/s and L = 
50 cm, determine the values of the manometer readings h1 and h2 in cm. Assume laminar 
boundary-layer flow. 





Fig. P7.24 


Solution: For air at 20°C, take p = 1.2 kg/m? and u = 1.8E-5 kg/m-s. The velocities u 
at each pitot inlet can be estimated from the Blasius solution: 


Cl), =ylU/vx,}? = (0.002) {15/1.5E-5(0.5)]}'” = 2.83, Table 7.1: read f' ~ 0.816 
Then u, = Uf’ =15(0.816) ~ 12.25 m/s 


(2) m =ylU/vx,]!? =2.0, £'*0.630, u, =15(0.630) = 9.45 m/s 


Assume constant stream pressure, then the manometers are a measure of the local 
velocity u at each position of the pitot inlet, so we can find Ap across each manometer: 





Ap, = 5 u = = (12.25)° = 90 Pa = Ap gh, = (998—1.2)(9.81)h,, h; = 9.2 mm 
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Ap, = S u = = (9.45) =54 Pa =(998-1.2)(9.8)h,, or: h, =5.5mm Ans. 





P7.25 Consider the smooth square 10 by 10 cm duct in Fig. P7.25. The fluid is air at 
20°C and 1 atm, flowing at Vavg = 24 m/s. It is desired to increase the pressure drop over 
the 1-m length by adding sharp 8-mm-long flat plates across the duct, as shown. 
(a) Estimate the pressure drop if there are no plates. (b) Estimate how many plates are 
needed to generate an additional 100 Pa of pressure drop. 


Square Duct L=8mm 
ee — 





=a V=24 m/s 


Fig. P7.25 
Solution: For air, take p= 1.2 kg/m? and u= 1.8E-5 kg/m-s. (a) Compute the duct Reynolds 
number and hence the Moody-type pressure drop. The hydraulic diameter is 10 cm, thus 


VD, _ (24 m/s)(0.1 m) 





Re,, = = = 160000 (turbulent = 0.0163 
Phy 0.000015 m?/s ( ) Famoorn 
L pv? 1. 1.2k 24 
AP Moody = a =(0. o163)( e Lom) (1.2 kel 24 mis) _ =56 Pa Ans. (a) 


(b) To estimate the plate-induced pressure drop, first calculate the drag on one plate: 





e, =< LVO.008) _ 12800, Cp = L328 = 0.0117, 
0.000015 ¥v12800 


F=Cp Pv pL sides) = (0.01 n= ? (04)? (0.1)(0.008)(2) = 0.00649 N 


Since the duct walls must support these plates, the effect is an additional pressure drop: 


A 100 P. FN piates (0.00649 N)N 
Pextra 7 a= i 


5 plates , or: N 
A duct (0.1 m) 





#154 Ans. (b) 


plates 
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P7.26 Consider laminar flow past the square-plate arrangements in the figure below. 
Compared to the drag of a single plate (1), how much larger is the drag of four plates 
together as in configurations (a) and (b)? Explain your results. 


= 7 > 
a | 
a 


Fig. P7.26 (a) Fig. P7.26 (b) 




















Solution: The laminar formula CD = 1.328/ReL!/” means that Cp oc L~!/?. Thus: 





(a) F, = E (44A,) = VBF, =2.83F, Ans. (a) 
‘I 
(b) F, =E (44,)=2.0F, Ans. (b) 





VJ4L 


The plates near the trailing edge have less drag because their boundary layers are 
thicker and their wall shear stresses are less. These configurations do not quadruple 
the drag. 





7.27 Air at 20°C and 1 atm flows at 3 m/s past a sharp flat plate 2 m wide and 1 m long. 
(a) What is the wall shear stress at the end of the plate? (b) What is the air velocity at a point 


4.5 mm normal to the end of the plate? (c) What is the total friction drag on the plate? 


Solution: For at 20°C and 1 atm, take p = 1.2 kg/m3 and v= 1.8E-5 kg/m-s. Check the 
Reynolds number to see if the flow is laminar or turbulent: 


Re; = pUL = 01:23.01 .0) = 200,000 Laminar 


u 1.8E -5 


We can proceed with our laminar-flow formulas: 
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0.664 0.664 


č _ 0.664 _ 
fal" PRe, 200000 


3.0 
At 4.5mm, the Blasius = 0.0045m 
ae wee ton =( TSE —5)(1.0) (.5E—5)(1.0) 


Table 7.1: at 7 = 2.0, read T z 0.63, hence u = (0.63)(3.0) = 1.89 Ans.(b) 
s 





= 0.001485 1, = 07 5 P y? = (0.001482 23) = 0.0080 Pa Ans.(a) 


Finally, compute the drag for both sides of the plate, A = 2bL: 


ete US 
D [200,000 


o: F= Co $U? (2bL) = (0. 00297} 23, 0)?[2(2.0)(1.0)] = 0.064 N  Ans.(c) 


= 0.00297 , 


NOTE: For part (b), we never had to compute the boundary layer thickness, ô ~ 11.2 mm. 





P7.28 Flow straighteners are arrays of narrow ducts placed in wind tunnels to remove swirl 
and other in-plane secondary velocities. They can be idealized as square boxes constructed by 
vertical and horizontal plates, as in Fig. P7.28. The cross section is a by a, and the box length 
is L. Assuming laminar flat-plate flow and an array of N x N boxes, derive a formula for (a) 
the total drag on the bundle of boxes and (b) the effective pressure drop across the bundle. 





Fig. P7.28 


Solution: For laminar flow over any one wall of size a by L, we estimate 


Fone wall 1.328 


2 — = 0.664 (pL)? U7 
(1/2)pU2aL VUL Ges 


one wall 


Thus, for 4 walls and N? boxes, Ftotal ~ 2.656 N? (pyiL) "2 U2. a Ans. (a) 
The pressure drop across the array is thus 


Foai _ 2.656 


L 1/2 13/2 Ans. (b 
(Nay? a (puL) ns. (b) 








AP array Zi 


This is completely different from the predicted Ap for laminar flow through a long square 
duct, as in Section 6.6: 





oe, L py (224) P12 ~ 28-5uLU D 


D, 2 pUa jJ\aj2 a 


This has almost no relation to Answer (b) above, being the Ap for a long square duct filled 
with boundary layer. Answer (b) is for a very short duct with thin wall boundary layers. 





P7.29 Let the flow straighteners in Fig. P7.28 form an array of 20 x 20 boxes of size a 
=4 cm and L = 25 cm. If the approach velocity is Uo = 12 m/s and the fluid is sea-level 
standard air, estimate (a) the total array drag and (b) the pressure drop across the array. 
Compare with Sec. 6.6. 


Solution: For sea-level air, take p = 1.205 kg/m? and yw = 1.78E-5 kg/m-s. The 
analytical formulas for array drag and pressure drop are given above. Hence 


Fyray = 2.656N* (pu)? Ua = 2.656(20)[1.205(1.78E-5)(0.25)]"" (12) (0.04) 


or: Fx4.09N (Re, =203000,OK, laminar) Ans. (a) 


F __ 409 
(Na)? [20(0.04) 





AParray = ~6.4Pa_ Ans. (b) 


This is a far cry from the (much lower) estimate we would have by assuming the array is 
a bunch of long square ducts as in Sect. 6.6 (as shown in Prob. 7.28): 


_ 28.5uLU _ 28.5(1.78E-5)(0.25)12) 


AP jong duct ™ 2 0.047 =0.95 Pa (not accurate) Ans. 
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P7.30 In Ref. 56 of Ch. 6, McKeon et al. propose new, supposedly more accurate values 
for the turbulent log-law constants, «= 0.421 and B = 5.62. Use these constants, and the one- 
seventh power-law, to repeat the analysis that led to the formula for turbulent boundary layer 
thickness, Eq. (7.42). What is the approximate percent shift in 6/x compared to the textbook’s 
formula? Comment. 


Solution: We can start with Eq. (7.37), modified for the new constants: 














2 1/2 1 CF 12 
= In[Re + 5.62 
o pa eG? 1 
Calculate and list a few values for Res in the range 10° to 10’: 
Res 10° 10° 10° 10” 
cf 0.00483 0.00313 0.00217 0.00159 




















These new values fit, reasonably, the least-squares power-law cp ~ 0.0203 Res Da, 


Then Eq. (7.41) modifies to 





dR 
cp = 0.0203Rez5”™® = 21a), or: Res?! = 9.58 (Res) 
dx 72 d(Re,) 
Integrate to 2 z 2e Ans. 
x Rey 


This is very similar to Eq. (7.42), so the change is marginal. Actual calculations for d/x 
in the range of Re, = 10° to 10° show that the new formula averages ten per cent higher 
thickness. 





P7.31 The centerboard on a sailboat is 3 ft long parallel to the flow and protrudes 7 ft 
down below the hull into seawater at 20°C. Using flat-plate theory for a smooth surface, 
estimate its drag if the boat moves at 10 knots. Assume Rex,tr = SES. 
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Solution: For seawater, take p = 1.99 slug/ft? and u = 2.23E-5 slug/ft-s. Evaluate ReL 
and the drag. Convert 10 knots to 16.9 ft/s. 


_ puL _ (1.99 slug/ft*)(16.9 ft/s)(3 ft) 
u 0.0000223 slug/ft-s 


0.031 1440 0.031 1440 
Re” Re, (4.52E6)" 4.52E6 


= 0.00347 — 0.00032 = 0.00315 





Re, =4,52E6 (turbulent) 





From Eq. (7.49a), Cp = 


Fa 


ra; 


SCi FVLO sides) = o.0031s( +22) (16.9) (3 ft)(7 ft)(2 sides) = 38 Ibf Ans. 





P7.32 A flat plate of length L and height 6 is placed at a wall and is parallel to an 
approaching boundary layer, as in Fig. P7.32. Assume that the flow over the plate is fully 
turbulent and that the approaching flow is a one-seventh-power law 


1/7 
u(y) =U, (2) 








Fig. P7.32 


Using strip theory, derive a formula for the drag coefficient of this plate. Compare this 
result with the drag of the same plate immersed in a uniform stream Uo. 
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Solution: For a ‘strip’ of plate dy high and L long, subjected to flow u(y), the 
force is 


0.031 


(aL combine into dF and integrate: 
pull 


dF =Cy eu dy)(2 sides), where Cy ~ 


ô 
dF =0.031o v" L’ u!" dy, or F=0.031pv" L" f [uva] dy 
0 


The resultis F = 0.031(49/62)pv "L Uo" Ans. 


This drag is (49/62), or 79%, of the force on the same plate immersed in a uniform 
stream. 





P7.33 An alternate analysis of turbulent flat-plate flow was given by Prandtl in 1927, 
using a wall shear-stress formula from pipe flow 


1/4 
T, = 0.0225 pU? (4) 
US 


Show that this formula can be combined with Eqs. (7.32) and (7.40) to derive the 
following relations for turbulent flat-plate flow. 


5 037 _ 0.0577 _ 0.072 


Cr 
D 
x Re? f Re Re; 





These formulas are limited to Rex between 5 x 10° and 107. 


Solution: Use Prandtl’s correlation for the left hand side of Eq. (7.32) in the text: 


5d0 ee 
Ss A ea eS 
k7’ 


5), cancel pU” and rearrange: 
dx \72 P $ 


7,  0.0225pU*(W/U6)'" = pU 


"tds =0.2314(v/U)" dx, Integrate: =o = 0.2314(v/U)"* x 


Take the (5/4)! root of both sides and rearrange for the final thickness result: 


ô 0.37 


ô x 0.371(v/U)""x*5, or: “Re” Ans. (a) 


X 
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_ 0.0577 


2(0.0225)( v \” 
= ( ) Cex els 


Substitute d(x) into 7: C; = — 
E (037 


Ans. (b 
Ux ns. (b) 


1 
x 5 0.072 

Finally, C, =| C,;d =—C,(at x =L) Ans. (c) 
y D J f (=) 47! Rel 








7.34 Consider turbulent flow past a flat plate of width b and length L. What 
percentage of the friction drag on the plate is carried by the rear half of the plate? 


Solution: The formula for turbulent boundary drag on a plate is Eq. (7.45): 


_ 2D) _ 0.031 _ 0.0314” 
pU*bx Re (px)! 








D », or: D(x) = (const) x°!7 


At x = L, we obtain a force equal to (const) L”. At x = L/2, we obtain a force equal to 


(const) LINI = (const)(0.552) LČ”, which is 55.2% of the total force. Thus the force 
on the trailing half of the plate is only (100 — 55.2) = 44.8% of the total force on the 
plate. Unlike laminar flow (29.3%), this is nearly half of the total, since turbulent shear 
drops off much slower with x. 





P7.35 Repeat Problem 7.26 for turbulent flow. Explain your results. 
Solution: The turbulent formula Cp = 0.03 1/Re,” means that Cp « L~!/7, Thus: 


(a) F,= ony ta) =3.62F, Ans. (a) 


1 
const 


(b) F, = uA =3.28F, Ans. (b) 
1 


The trailing areas have slightly less shear stress, hence we are nearly quadrupling drag. 
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P7.36 A ship is 125 m long and has a wetted area of 3500 m?. Its propellers can deliver 
a maximum power of 1.1 MW to seawater at 20°C. If all drag is due to friction, estimate 
the maximum ship speed, in kn. 


Solution: For seawater at 20°C, take p= 1025 kg/m? and u = 0.00107 kg/m-s. Evaluate 


_ pUL _1025V(125) 


Re, =—— =——__—— (surely turbulent), Cp = 0.031 _ 0.00217 








u 0.00107 Rea? o y” 
Power = FV = oor (28) veso |v =1.1E6 watts, or V7” ~ 282.0 


Solve for V =7.2 m/s~14 knots. Ans. 


Check Re, = (1025)(7.2)(125)/(0.00107) = 8.6E8, typical of ships. 





P7.37 Air at 20°C and 1 atm flows past a long flat plate, at the end of which is placed a 
narrow scoop, as shown in Fig. P7.37. (a) Estimate the height h of the scoop if it is to 
extract 4 kg/s per meter of width into the paper. (b) Find the drag on the plate up to the 
inlet of the scoop, per meter of width. 


30 m/s 
h? 
<— em~ x 


Fig. P7.37 


Solution: For air, take p = 1.2 kg/m? and u= 1.8E-5 kg/m-s. We assume that the scoop 
does not alter the boundary layer at its entrance. (a) Compute the displacement thickness 
atx=6m: 





re, = Ut COMM yop, OF 10.16) 0.020 
v 0.000015 m7/s x 8 (Re J (1.2E7)!” 


5*|, 6 m= (6 m)(0.00195) = 0.0117 m 


= 0.00195 
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If 6* were zero, the flow into the scoop would be uniform: 4 kg/s/m = pUh = (1.2)(30)h, 
which would make the scoop ho = 0.111 m high. However, we lose the near-wall mass 
flow pU6*, so the proper scoop height is equal to 


h=ho+ 6* =0.111m+0.0117 mz=0.123m_ Ans. (a) 
(b) Assume Retr = SES and use Eq. (7.49a) to estimate the drag: 





Re, =1.2E7, C,= ees aaa = 0.00302 - 0.00012 = 0.00290 
e e, 
Pu (1.2 kg/m? ) ; 
Farag =C Z VBL = 0.0029) — 2 — | (30 m/s)°(1 m)(6 m)=9.4N_ Ans. (b) 





P7.38 Atmospheric boundary layers are very thick but follow formulas very similar to 
those of flat-plate theory. Consider wind blowing at 10 m/s at a height of 80 m above a 
smooth beach. Estimate the wind shear stress, in Pa, on the beach if the air is standard 
sea-level conditions. What will the wind velocity striking your nose be if (a) you are 
standing up and your nose is 170 cm off the ground; (b) you are lying on the beach and 
your nose is 17 cm off the ground? 


Solution: For air at 20°C, take p= 1.2 kg/m? and y= 1.8E—5 kg/m-s. Assume a smooth 
beach and use the log-law velocity profile, Eq. (7.34), given u = 10 m/s at y = 80 m: 


rk 
u _10 m/s | 1 in 
v 





pk 
B= l In oe +5.0, solve u* = 0.254 m/s 
0.41 1.5E-5 


u* u* K 


Hence r, = pu*? = (1.2)(0.254) ~ 0.0772Pa Ans. 


surface 


The log-law should be valid as long as we stay above y such that yu*/v > 50: 








(a) y=1.7 m: eg | In OE) +5, solve Uy 7 * 7.6 mM Ans. (a) 
0.254 0.41 1.5E-5 i s 

(b) y=17 cm: EN A seats eG N, 
0.254 0.41 1.5E-5 s 


The (b) part seems very close to the surface, but yu*/v ~ 2800 > 50, so the log-law is OK. 





P7.39 A hydrofoil 50 cm long and 4 m wide moves at 28 kn in seawater at 20°C. Using 
flat-plate theory with Retr = SES, estimate its drag, in N, for (a) a smooth wall and (b) a 


rough wall, £= 0.3 mm. 





Fig. P7.39 


Solution: For seawater at 20°C, take p = 1025 kg/m? and uw = 0.00107 kg/m:s. 
Convert 28 knots = 14.4 m/s. Evaluate ReL = (1025)(14.4)(0.5)/(0.00107) = 6.9E6 


(turbulent). Then 


Smooth, Eq. (7.49a): Cp = 


0.031 1440 


1/7 
Re, Re, 





= 0.00306 





Drag = oo £ Je’ bL(2 sides) = (0: oso 2 =a 4)’ (4)(0.5)(2) ¥1300N_ Ans. (a) 


L500 


Rough, —= 03 =1667, Fig. 7.6 or Eq. (7.48b): Cp ~ 0.00742 
E : 


Drag = ooon 22 Jas 4)?(4)(0.5)(2 sides) ¥ 3150N Ans. (b) 





P7.40 Hoerner (Ref. 12) plots the drag 
of a flag in winds, based on total surface 
area 2bL, in the figure at right. A linear 
approximation is CD ~ 0.01 + 0.05L/, 
as shown. Test Reynolds numbers were 
1E6 or greater. (a) Explain why these 
values are greater than for a flat plate. 
(b) Assuming sea- level air at 50 mi/h, 
with area bL = 4 m°, find the proper flag 
dimensions for which the total drag is 
approximately 400 N. 


Solution: 


from 


b Hoerner's 
t book 
et 


03 











V = 80 ft/sec 

-Ih — 

> RS 
0.01 + 0.05 Lib 


Fig. P7.40 


(a) The drag is greater because the fluttering of the flag causes additional 


pressure drag on the corrugated sections of the cloth. Ans. (a) 
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(b) For air take p = 1.225 kg/m? and u = 1.8E-5 kg/m-s. Convert U = 50 mi/h = 22.35 m/s. 
Evaluate the drag force from the force coefficient: 


L225) 





F=C,£U?A =] 0.01+0.05 L (22.35) (2 x 4.0 m°) = 400 N 
Py b 


Solve for Cp =0.163 or Li/b =3.07 
Combine this with the fact that bL = 4 m2 and we obtain 


Lx351m and bx1.14m_ Ans. (b) 





P7.41 Repeat Prob. 7.20 with the sole se oh ae z 

change that the pitot probe is now 10 mm wee 0mm 
from the wall (5 times higher). Show that ay TE 
the flow there cannot possibly be “a 
laminar, and use smooth-wall turbulent- 
flow theory to estimate the position x of 
the probe, in m. 





20mm 


Fig. P7.20 


Solution: For air at 20°C, take p= 1.2 kg/m? and w= 1.8E-5 kg/m-s. For U = 20 m/s, 
it is not possible for a laminar boundary-layer to grow to a thickness of 10 mm. 
Even at the largest possible laminar Reynolds number of 3E6, the laminar thickness 
is only 


Re, =3E6 = 1.2(20)x/1.8E-5, or x=2.25m, 


ae 52.25) zx 0.0065m = 6.5 mm < 10 mm! Ans. 


Rel? (3E6)"? 





Therefore the flow must be turbulent. Recall from Prob. 7.20 that the manometer reading 

was h = 16 mm of Meriam red oil, SG = 0.827. Thus 
2A 

AP nano = Apgh = [0.827(998) — 1.2](9.81)(0.016) ~ 129 Pa,  Upitot = 22 14.7 

Pp s 

1/7 1/7 

Then, at y = 20 mm, u 147 jaan a = Lymm , or 6+ 87mm 

U 20 ô ô 





Chapter 7 « Flow Past Immersed Bodies 591 


Thus, crudely, d/x = 0.0.087m/x = 0.16/Rex!/7, solve for xx 5.15m. Ans. 





7.42 A light aircraft flies at 30 m/s (67 mi/h) in air at 20°C and 1 atm. Its wing is an 
NACA 0009 airfoil, with a chord length of 150 cm and a very wide span (neglect aspect 
ratio effects). Estimate the drag of this wing, per unit span length, (a) by flat plate theory; 
and (b) using the data from Fig. 7.25 for a= 0°. 


Solution: For air at 20°C and 1 atm, p = 1.2 kg/m’ and w = 1.8E-5 kg/m-s. First find the 
Reynolds number, based on chord length, to see where we are: 


_ pUc — (.2kg/m?)30m/s\1.5m) _ 
4 1.8E-5kg/m-s 


Re 3x10° turbulent 





Ç 


(a) For flat-plate theory, use Eq. (7.49a), which assumes transition at Rex = 500,000: 


_ 0.031 1440 0.031 1440 
Rel” Re, (3E6)!/7 3E6 


c 


Cy = 0.00368 — 0.00048 = 0.0032 





Drag = Cy EU? (2bc) = (0.0032\)(30)?20.0)1.5) = 5.2 x Ans.(a) 
m 
(b) For the actual NACA 0009 airfoil, at Re. = 3E6, in Fig. 7.25, read Ca ~ 0.0065. Then 


Drag = C, Pu (be) = (0.0065) 7)(30)[0.0)0.5) = 532 Ans.(b) 


The two are quite close. A thin airfoil at low angles is similar to a flat plate. 





P7.43 In the flow of air at 20°C and 1 atm past a flat plate in Fig. P7.43, the wall shear 
is to be determined at position x by a floating element (a small area connected to a strain- 
gage force measurement). At x = 2 m, the element indicates a shear stress of 
2.1 Pa. Assuming turbulent flow from the leading edge, estimate (a) the stream velocity 
U, (b) the boundary layer thickness 6 at the element, and (c) the boundary-layer velocity 
u, in m/s, at 5 mm above the element. 
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U —— 
Floating element with 


a A; negligible gap 











Fig. P7.43 


Solution: For air at 20°C, take p= 1.2 kg/m? and u = 1.8E—5 kg/m-s. The shear stress is 


2 2 
Lime eS =i] UE) 2 0.027 _{ 120 
2 (pUx/2) 2 [1.2U(2)/1.8E-5] 2 





Solve for U ~ 34 = Ans. (a) Check Re, = 4.54E6 (OK, turbulent) 
s 
With the local Reynolds number known, solve for local thickness: 


_0.16x _ 0.16(2 m) 


~ Re” ~ (4.5466) = 0.036 m=36mm_ Ans. (b) 





The log-law, Eq. (7.34), is best for estimating the velocity at y = 5 mm above the element. The 
friction velocity is u* = (tw/p)'? = (2.1/1.2) 12 = 1.32 ft/s. Enter the log-law: 


ulu¥* = u/1.32 = (1/x)ln(yu*/v)+B = 


= (1/0.41) In[(0.005)(1.32)/1.5E—5]+5.0, solve for u = 26.3m/s Ans.(c) 





P7.44 Extensive measurements of wall shear stress and local velocity for turbulent 
airflow on the flat surface of the University of Rhode Island wind tunnel have led to the 
following proposed correlation: 


2 177 
PY Fw ~ 0.0207 (=] 

u v 
Thus, if y and u(y) are known at a point in a flat-plate boundary layer, the wall shear may 
be computed directly. If the answer to part (c) of Prob. 7.43 is u ~ 26.3 m/s, determine 
whether the correlation is accurate for this case. 
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Solution: For air at 20°C, take p = 1.2 kg/m? and u = 1.8E-5 kg/m-s. The shear stress 
is given as 2.1 Pa, and part (c) was y = 5 mm. Check each side of the proposed 
correlation: 

PY Ty _ 1.2(0.005)?(2.1) _ 


2 


we (1.8E-5)* 


1.77 1.77 
ozo 22) = 0.0207] 23009) ~ 197000 (1.6% more) 
v s 


194000; 


The correlation is good and comparable to the approximate calculations in P7.43. 





P7.45 A thin sheet of fiberboard weighs 90 N and lies on a rooftop, as shown in the figure. 
Assume ambient air at 20°C and 1 atm. If the coefficient of solid friction between board and 
roof is o= 0.12, what wind velocity will generate enough friction to dislodge the board? 


2m 3m lm 





1.5m 





Fiberboard 2m 











Roof 











Fig. P7.45 


Solution: For air take p = 1.2 kg/m? and yu = 1.8E-5 kg/m-s. Our first problem is to 
evaluate the drag when the leading edge is not at x = 0. Since the dimensions are large, 
we will assume that the flow is turbulent and check this later: 





X X2 2 2 1/7 
F=f Pa dA={ = bdx= 0.031bpU 4 (x97 x7) 
(pUxl u) 2 pU 


xy xy 


Set this equal to the dislodging friction force F = oW = 0.12(90) = 10.8 N: 
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0.031 
TN 
Solve this for U = 33 m/s æ 73 mi/h Ans. 

Re, =4.4E6: turbulent, OK. 


a w 


az2ov( an (5.0% —2.0°7) =10.8 N 





P7.46 A ship is 150 m long and has a wetted area of 5000 m°. If it is encrusted with 
barnacles, the ship requires 7000 hp to overcome friction drag when moving in seawater 
at 15 kn and 20°C. What is the average roughness of the barnacles? How fast would the 
ship move with the same power if the surface were smooth? Neglect wave drag. 


Solution: For seawater at 20°C, take p = 1025 kg/m? and u = 0.00107 kg/m-s. Convert 
15 kn = 7.72 m/s. Evaluate ReL = (1025)(7.72)(150)/(0.00107) = 1.11E9 (turbulent). Then 


ae = E saute Wate Cy = 2F 2) 2(6.76E5) 0.00443 


pU?A — 1025(7.72)2(5000) 








Fig. 7.6 or Eq. (7.48b): 


ir ~ 16800, Do 


Ebarnacles = Zonan © 0.0089m Ans. (a) 
E "16800 


If the surface were smooth, we could use Eq. (7.45) to predict a higher ship speed: 


2 
p=Fu-|c,@ a |u= eee (2) U?(5000)U, 
2 [1025U(150)/.00107}7 | 2 





or: P=5.22E6 watts =5428U""”, solve for U=11.1 m/s» 22 knots Ans. (b) 





7.47 Local boundary layer effects, such as shear stress and heat transfer, are best 
correlated with local variables, rather using distance x from the leading edge. The 
momentum thickness @is often used as a length scale. Use the analysis of turbulent flat- 
plate flow to write local wall shear stress Tw in terms of dimensionless 0 and compare 
with the formula recommended by Schlichting [1]: Cy ~ 0.033 Reo eee, 
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Solution: Our turbulent flat-plate theory, Eqs. (7.40) to (7.43), has expressions for Cy 
and @ in terms of Rex. Eliminate Re, to solve for Cy in terms of Reg 


R R 
sO a Ea — e y Eq (7.42), and Re, = (00277 Bg. (7.43) 
5 Res 72 (0.16Re®!’) Cr 
Eliminate Re, to obtain Reg = 1019) GT 

n2 C; 
and, finally, Cy =~ 0.0135Re,\/° Ans. 


The exponent (-1/6) is not as steep as Schlichting’s exponent (-0.268), but the two 
formulas agree in the range where Schlichting’s formula applies, 1E6 < Re, < 1E7. 





P7.48 In 1957 H. Gortler proposed the adverse-gradient test cases 
U 


o 


~(+x/L)" 


and computed separation for laminar flow at n = 1 to be xsep/L = 0.159. Compare with 
Thwaites’ method, assuming 6o = 0. 


Solution: Introduce this stream velocity (n =1) into Eq. (7.54), with 6 = 0, and 
integrate: 


6 x -5 2 4 
p-ti) f vi(1+4) dx, or: g-2_ _045 1-(1-ž) 
ut L)? L vdx 4 L 





Separation: 2=-0.09 if (=) ~0.158 (<1% error) Ans. 
sep 





P7.49 Based on your understanding of boundary layers, which flow direction (left or 
right) for the foil shape in the figure will have /ess total drag? 
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Solution: Flow to the left has a long run of mild favorable gradient and then a short run of 
strong adverse gradient—separation and a broad wake will occur, high pressure drag. Flow 
to the right has a long run of mild adverse gradient—less separation, low pressure drag. 





P7.50 Consider the flat-walled diffuser in 
Fig. P7.50, which is similar to that of Constant width b 
Fig. 6.26a with constant width b. If x is 
measured from the inlet and the wall 
boundary layers are thin, show that the core 
velocity U(x) in the diffuser is given 
approximately by 





U, 


o 


~ I+ @xtan 0YW Fig. P7.50 


where W is the inlet height. Use this velocity distribution with Thwaites’ method to 
compute the wall angle 6 for which laminar separation will occur in the exit plane when 
diffuser length L = 2W. Note that the result is independent of the Reynolds number. 


Solution: We can approximate U(x) by the one-dimensional continuity relation: 


U, Wb = U(W + 2x tan @)b, or: U(x) = U,/[1+ 2x tan@/W] (same as Gortler, Prob. 7.48) 


We return to the solution from G6rtler’s (n = 1) distribution in Prob. 7.48: 


40 3 2 





=0.159 (separation), or x =L=2W, 


0.159 


tan Bep = 


= 0.03975, @ #2.3° Ans. 


[This laminar result is much less than the turbulent value @sep ~ 8°—-10° in Fig. 6.26c.] 





P7.51 The derivation of Eq. (7.42) for dx in turbulent flow used very simple velocity 
correlations, Eqs. (7.38) and (7.39). A unified law-of-the-wall was given by Spalding [54]: 





B poit L1 t -D _ ou)? 

2 6 
where u* = u/u* and y* = yu*/v, while xand B are the log-law constants in Eq. (7.34). This 
clever inverse formula fits all the data in Fig. 6.10 out to the edge of the logarithmic region. 


yt =u" +e 


Chapter 7 e Flow Past Immersed Bodies 597 


How can Spalding’s formula be used to improve Eqs. (7.38) and (7.40) and thus lead to 
improved turbulent flat-plate-flow relations? 


Solution: First, about Eq. (7.38). This came from applying the log-law to u = U at y = 6. 
If we do the same thing with Spalding’s complex formula, we get almost exactly the same 
thing, namely, Eq. (7.38). So Spalding’s law is no help there. Second, we could, in 
principle, integrate Spalding’s formula to get a much better estimate of momentum 
thickness than Eq. (7.40). In fact, no rational person would attempt such a complex 
integration, and the result would be Reynolds number dependent anyway and laborious to 
implement. Thus, Spalding’s formula is no help in improving the analysis of Eqs. 
(7.38) and (7.40). Ans. 

Interestingly, Spalding’s formula can be used, by staying in (u*, y") coordinates, to 
generate an easy, accurate, alternative formula for turbulent friction and drag. [See Ch. 6 
of Ref. 2.] 





P7.52 Clift et al. [46] give the formula F ~ (677/5)(4 + a/b)uUb for the drag of a prolate 
spheroid in creeping motion, as shown in Fig. P7.52. The half-thickness b is 4 mm. See 
also [49]. If the fluid is SAE 50W oil at 20°C, (a) check that Reb < 1; and (b) estimate the 
spheroid length if the drag is 0.02 N. 


<—— 24 —___+ 


U=20cm/s | eo 
fz» 


—> 
Solution: For SAE 50W oil, take p = 902 kg/m? and u = 0.86 kg/m-s. (a) The Reynolds 
number based on half-thickness is: 





prolate spheroid 






Fig. P7.52 


_ pUb _ (902 kg/m*)(0.2 m/s)(0.004 m) 
4 0.86 kg/m-s 





Re, =0.84<1 Ans. (a) 


(b) With a given force and creeping-flow force formula, we can solve for the half-length a: 





Sa 2) oa a } 
F=0.02 N= 44 Ub = 44 0.86 kg/m-s)(0.20 m/s)(0.004 m 
5 b im 5 0.004 ( event X ) 


Solve for a=0.0148 m, Spheroid length = 2a = 0.030 m Ans. (b) 





P7.53 From Table 7.2, the drag coefficient of a wide plate normal to a stream is 
approximately 2.0. Let the stream conditions be U., and p.. If the average pressure on the 
front of the plate is approximately equal to the free-stream stagnation pressure, what is the 
average pressure on the rear? 


—> , + 
—> | < 
a —> | «a Pox 
—> || <« 
—> Hz 
plate 
Fig. P7.53 


Solution: If the drag coefficient is 2.0, then our approximation is 


nÊ ? : z 2 
Firag = 2.077 UeoA pate © (Dotag — Prear JA plate Or Prear ~ Pstag — pu; 


Since, from Bernoulli, Pytag = Poo + aoe we obtain Pyear ¥ Po — ae Ans. 





P7.54 If a missile takes off vertically from sea level and leaves the atmosphere, it 
has zero drag when it starts and zero drag when it finishes. It follows that the drag must 
be a maximum somewhere in between. To simplify the analysis, assume a constant drag 
coefficient, Cp, and a constant vertical acceleration, a. Let the density variation be 
modeled by the troposphere relation, Eq. (2.20). Find an expression for the altitude z* 
where the drag is a maximum. Comment on your result. 


Solution: For constant acceleration and Cp, the drag follows simple formulas: 
F = Drag = CoV? A ,V=at,z = Sar, V= at =2az 


where A is the missile reference area and z is the altitude. The density is given by Eq. 
(2.20): 


P= i= Bey , Where n= § 1 ~ 426 
T, RB 


Po o 
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Combine these, noting that only p and V vary, and write the result in terms of z: 


B B 
F = Cp 0-70" (2az)A = KAT , K=Cpp aA 








o o 
Minimize: Sher to + Kz0 -2 D 
dz T, T, T, 
Simplify and rearrange : Ta T Ans 
pity ge: Zmax drag =z = B(n+1) ji 


For these simplifications, the point of maximum drag, z*, is dependent only upon ground 
temperature To, the lapse rate B, and the exponent n. For the standard atmosphere of Eq. 
(2.20), we obtain z* = (288.16 K)/[0.0065 K/m)(4.26+1)] = 8,430 meters. 





P7.55 A ship tows a submerged cylinder, 1.5 m in diameter and 22 m long, at U = 5 m/s 
in fresh water at 20°C. Estimate the towing power in kW if the cylinder is (a) parallel, 
and (b) normal to the tow direction. 


Solution: For water at 20°C, take p = 998 kg/m? and 44= 0.001 kg/m:s. 


(a) Parallel, L x15, Re, = POD 1.1E8, Table 7.3: estimate Cp frontai ¥ 1-1 
D 0.001 , 


F=1. (= Jo" (Zes ~ 24000 N, Power=FU=120kW Ans. (a) 


_ 998(5)(1.5) 


(b) Normal, Rep = 0.001 = 7.5E6, Fig. 7.16a: Cp sronta © 9-4 


F= 04{ E] a90 ~165000 N, Power =FU x 800kW Ans. (b) 
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P7.56 A delivery vehicle carries a long sign on top, as in Fig. P7.56. If the sign is very 
thin and the vehicle moves at 65 mi/h, (a) estimate the force on the sign with no crosswind. 
(b) Discuss the effect of a crosswind. 





; i 1 


| _—Phil's Pizza: 555-5748 ——_| oem 














Fig. P7.56 


Solution: For air at 20°C, take p= 1.2 kg/m? and u= 1.8E-5 kg/m-s. Convert 65 mi/h = 
29.06 m/s. (a) If there is no crosswind, we may estimate the drag force by flat-plate 
theory: 


0.031 0.031 
Rel” (1.55E7)" 





_ 1.2(29.06)(8) 
"1 8E-5 


Ere Ch (2 VČbL(2 sides) = 0.00291{ 12) (29.06)°(0.6)(8)(2 sides)=14N Ans. (a) 


Re, =1.55E7 (turbulent), Cp = = 0.00291 


(b) A crosswind will cause a large side force on the sign, greater than the flat-plate drag. 
The sign will act like an airfoil. For example, if the 29 m/s wind is at an angle of only 5° 
with respect to the sign, from Eq. (7.70), CL = 2zsin(5°)/(1 + 2/.075) = 0.02. The lift on 
the sign is then about 


Lift = CL (p/2)VbL ~ (0.02)(1.2/2)(29.06)7(0.6)(8) = 50N_ Ans. (b) 





P7.57 The main cross-cable between towers of a coastal suspension bridge is 60 cm in 
diameter and 90 m long. Estimate the total drag force on this cable in crosswinds of 
50 mi/h. Are these laminar-flow conditions? 
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Solution: For air at 20°C, take p = 1.2 kg/m? and u = 1.8E—5 kg/m-s. Convert 50 mi/h = 
22.35 m/s. Check the Reynolds number of the cable: 


_1.2(22.34)(0.6) 


Re 
? 1.8E-5 


= 894000 (turbulent flow) Fig. 7.16a: Cp ~ 0.3 


Fi 


rag 7 


Gh ZUDL =0.3 (12) (22.35)°(0.6)(90) + 5000 N (not laminar) Ans. 





*P7.58 Modify Prob. P7.54 to be more realistic by accounting for missile drag during 
ascent. Assume constant thrust T and missile weight W. Neglect the variation of g with 
altitude. Solve for the altitude z* in the Standard Atmosphere where the drag is a 
maximum, for T = 40,000 N, W = 8,000 N, and CpA = 0.4 m”. The writer does not 
believe an analytic solution is practical. 


Solution: Summation of vertical forces gives the (variable) acceleration: 








W dV 
XF, =T -W - Firag = ma = a 
A 

or: ¥ = gd -py BOD Ng, Bn eas 

dt wW 2W T, dt 


o 


The power of the z term makes this a cumbersome ordinary differential equation. Even 
if we rewrite it in terms of z alone, the writer cannot handle it. Enter the given numerical 








AV _ 4g 40000_)) _ 040.2255) q _ 0.00652, 426 y2} 
dt 8000 2(8000) 288.16 
= 39.24" — 9.003006 a- 0.0065 £4.26 y2 
s 288.16 


data: 


Solve numerically with V = 0 at z = 0. The results are shown in the plot below. The 
maximum drag is about 24,000 newtons at an altitude of 5300 meters. Since the drag 
contributes to the now-variable acceleration, the simple result of Prob. 7.54 is not 
accurate. 
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1 . 
Maximum drag = 24000 N 


at Z = 5300 meters 

















Drag, newtons 











0 10000 20000 30000 40000 





Altitude, meters 











*P7.59 Joe can pedal his bike at 10 m/s on a straight, level road with no wind. The bike 
rolling resistance is 0.80 N/(m/s), i.e. 0.8 N per m/s of speed. The drag area CDA of Joe 
and his bike is 0.422 m*. Joe’s mass is 80 kg and the bike mass is 15 kg. He now 
encounters a head wind of 5.0 m/s. (a) Develop an equation for the speed at which Joe 
can pedal into the wind. (Hint: A cubic equation.) (b) Solve for V for this head wind. 
(c) Why is the result not simply V = 10 —- 5 = 5 m/s, as one might first suspect? 


Solution: Evaluate force and power with the drag based on relative velocity V + 
Vwind: 





-F=F. HF 


rolling 


= CrrV +CpA T EV vina 


drag 
Power =V DF =CopV? + ents +V pna? 


Let Vnw (=10 m/s) be the bike speed with no wind and denote Vrel = V + Vwind. Joe’s 
power output will be the same with or without the headwind: 








rw = Can Viny +CpAL Vay = P= Cap V? + Cp 2 Wee 
or: alee 2Crr | a (v2) v (a p 2Crr ay) = 0 Ans. (a) 


For our given numbers, assuming pair = 1.2 kg/m?, the result is the cubic equation 
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V? +13.16V? +25V -1316=0, solve for V=7.4 ™ Ans. (b) 
sS 


Since drag is proportional to Van a linear transformation V = Vnw — Vwind is not 


possible. Even if there were no rolling resistance, V ~ 7.0 m/s, not 5.0 m/s. Ans. (c) 





P7.60 A fishnet consists of 1-mm-diameter strings overlapped and knotted to form 1- by 
1-cm squares. Estimate the drag of 1 m? of such a net when towed normal to its plane at 3 
m/s in 20°C seawater. What horsepower is required to tow 400 ft? of this net? 


lcm 


3 m/s lcm 


A. 


Fig. P7.60 


Solution: For seawater at 20°C, take p =1025 kg/m? and u = 0.00107 kg/m-s. Neglect 
the knots at the net’s intersections. Estimate the drag of a single one-centimeter strand: 


L 1025(3)(0.001) 


Re 
D 0.00107 


x 2900; Fig. 7.16a or Fig. 5.3a: Cp ~1.0 


F 


one strand 


102 
=Cp PUDL = a.0)( 125) (3)°(0.001)(0.01) = 0.046 N/strand 


one m’ contains 20,000 strands: F, = 20000(0.046) + 920N_ Ans. (a) 


1 sqm 
To tow 400 ft? =37.2 m° of net, F =37.2(920) = 34000 N ~ 7700 lbf 


If U=3 @=9.84 ©, Tow Power =FU =(7700)(9.84) +550 = 140 hp Ans. (b) 
S S 





P7.61 A filter may be idealized as an array of cylindrical fibers normal to the flow, as 
in Fig. P7.61. Assuming that the fibers are uniformly distributed and have drag coef- 
ficients given by Fig 7.16a, derive an approximate expression for the pressure drop Ap 
through a filter of thickness L. 
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Solution: Consider a filter section of height H and width b and thickness L. Let N be the 


number of fibers of diameter D per 
Filter section 


OO900000000 


PO000000000 
——- |0000000000 
P*AP 0000000000 
90900000000 
OO00000000"0H 
0000000000 
ODO000000000 











Fig. P7.61 
unit area HL of filter. Then the drag of all these filters must be balanced by a pressure Ap 
across the filter: 


ApHb = È Fines = NHLCp 2 U’Db , or: AP ger * NLCy = WD Ans. 


ibers 


This simple expression does not account for the blockage of the filters, that is, in cylinder 
arrays one must increase “U” by 1/(1 — 0), where ois the solidity ratio of the filter. 





P7.62 A sea-level smokestack is 52 m high and has a square cross-section. Its supports 
can withstand a maximum side force of 90 KN. If the stack is to survive 90 mi/h hurricane 
winds, what is its maximum possible (square) width? 
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Solution: For sea-level air, take p = 1.225 kg/m? and u = 1.78E-5 kg/m-s. Convert 
90 mi/h = 40.2 m/s. We cannot compute Re without knowing the side length a, so we 
assume that Re > 1E4 and that Table 7.2 is valid. The worst case drag is when the square 
cylinder has its flat face forward, CD ~ 2.1. Then the drag force is 


F=C SU? aL =2. (2 225) (40.2)?a(52)=90000 N, solve a=0.83m Ans. 


Check Rea = (1.225)(40.2)(0.83)/(1.78E-5) ~ 2.3E6 > 1F4, OK. 





P7.63 For those who think electric cars are sissy, Keio University in Japan has tested a 
22-ft long prototype whose eight electric motors generate a total of 590 horsepower. The 
“Kaz” cruises at 180 mi/h (see Popular Sence; August 2001, p. 15). If the drag 
coefficient is 0.35 and the frontal area is 26 fê, what percent of this power is expended 
against sea-level air drag? 


Solution: For air, take p = 0.00237 slug/ft>. Convert 180 mi/h to 264 ft/s. The drag is 


( 
= 35| 200237 slugi) (264 ft/s)” (26 ft?) = 752 Ibf 


‘frontal 


F=C, SVA 


Power = FV =(752 lbf)(264 ft/s)/(550 ft-lbf/hp) = 361 hp 


The horsepower to overcome drag is 61% of the total 590 horsepower available. Ans. 





P7.64 A parachutist jumps from a plane, using an 8.5-m-diameter chute in the standard 
atmosphere. The total mass of chutist and chute is 90 kg. Assuming a fully open chute in 
quasisteady motion, estimate the time to fall from 2000 to 1000 m. 


Solution: For the standard Auge (Table A-6), read p = 1.112 kg/m? at 1000 m 
altitude and p = 1.0067 kg/m? at 2000 meters. Viscosity is not a factor in Table 7.3, 
where we read CD ~ 1.2 for a low-porosity chute. If acceleration is negligible, 
25.93 

pP 


25.93 m | 25.93 m 
Thus Uio00 m 1.1120 = 4,83 at and U 2000 eo 1.0067 = 5.08 E 


W=C, 5U TD, or: 900.8) v=1.22] u Z685), or: U? = 
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Thus the change in velocity is very small (an average deceleration of only —0.001 m/s?) 
so we can reasonably estimate the time-to-fall using the average fall velocity: 
Az 2000 — 1000 
At fa => = 7 oa ce na 
i V, (4.83 + 5.08)/2 


avg 


=202s Ans. 





P7.65 As soldiers get bigger and packs get heavier, a parachutist and load can weigh as 
much as 400 lbf. The standard 28-ft parachute may descend too fast for safety. For 
heavier loads, the U.S. Army Natick Center has developed a 28-ft, higher drag, less 
porous XT-11 parachute (see the URL 
http://www.paraflite.com/html/advancedparachute.html). This parachute has a sea-level 
descent speed of 16 ft/s with a 400-lbf load. (a) What is the drag coefficient of the XT- 
11? (b) How fast would the standard chute descend at sea-level with such a load? 





Solution: For sea-level air, take p = 0.00237 slug/ft? . (a) Everything is known except CD: 
0.00237 slug/ft? 
2 





F=Cp A V’A=400 lbf =C, (16 ft/s)” 7 (28 ft)’ 


Solve for Cd new chute = 2.14 Ans. (a) 


(b) From Table 7.3, a standard chute has a drag coefficient of about 1.2. Then solve for V: 


0.00237 slug/ft* 
2 





F=Cp A V?°A = 400 lbf = (1.2) y? - (28 ft)? 





Solve for Via chute = 21.4 ft/s Ans. (b) 
*P7.66 A sphere of density ps and 3gCy, (S-D ie 
diameter D is dropped from rest in a fluid C= 4S?D 


of density p and viscosity u. Assuming a 
constant drag coefficient Ci; derive a 
differential equation for the fall velocity 
V(t) and show that the solution is 







: 
Ps | weigh 
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PH 


Fig. P7.66 
where S = ps/p is the specific gravity of the sphere material. 


Solution: Newton’s law for downward motion gives 


wav 


P x72 
F =ma , or: W-B-C,—VA= 
2 down down D 2 g dt 


, where A=_p? 
4 
and W-B=p(S—Ng=D". Rearrange to <= p-av’, 


‘| PECpA 
=g{1-—| and a= 
n e( S 2W 


Separate the variables and integrate from rest, V = 0 at t = 0: Jat=J dv/(p- av’), 


or: V= r tanh( tyap ) =Vematanh(Ct) Ans. 
a 


12 n2 
where Vana = ADSD and C= ail S — 2| , S=&>1 
3Cp 4S°D P 





P7.67 A world-class bicycle rider can generate one-half horsepower for long periods. If 
racing at sea-level, estimate the velocity which this cyclist can maintain. Neglect rolling 
friction. 


Solution: For sea-level air, take p = 1.22 kg/m”. From Table 7.3 for a bicycle with a 
rider in the racing position, CDA ~ 0.30 m^. With power known, we can solve for 
speed: 


1.22 kg/m? y 





Power = FV = (Cos > v?) V =0.5 hp =373 W = (0.3 m°) 


Solve for. V =12.7 m/s (about 28 mi/h) Ans. 
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P7.68 The Mars roving-laboratory parachute, in the Chap. 5 opener photo, is a 55- 
ft-diameter disk-gap-band chute, with a measured drag coefficient of 1.12 [59]. Mars has 
very low density, about 2.9E-5 slug/ft’, and its gravity is only 38% of earth gravity. If 
the mass of payload and chute is 2400 kg, estimate the terminal fall velocity of the 
parachute. 


Solution: Convert D = 55 ft = 16.8 mand r= 2.9E-5 slug/ft® = 0.015 kg/m’. At 


terminal velocity, the parachute weight is balanced by chute drag: 


0.015 
2 





W = mg = (2400)[0.38(9.81)] = 8950 N = Cp v? n = (1.12)( ve i (16.8)? 


or: 8950N = 1.86V? , solve Vemina = 69 Z = 1557 Ans. 
S 


erminal 


This is very fast (!), but, after all, Mars atmosphere is very thin. After reaching this fall velocity, the 
payload is further decelerated by retrorockets. 





P7.69 Two baseballs, of diameter 7.35 cm, are connected to a rod 7 mm in diameter 
and 56 cm long, as in Fig. P7.69. What power, in W, is required to keep the system 
spinning at 400 r/min? Include the drag of the rod, and assume sea-level standard air. 





Fig. P7.69 
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Solution: For sea-level air, take p = 1.225 kg/m? and u = 1.78E-5 kg/m-s. Assume a 
laminar drag coefficient CD ~ 0.47 from Table 7.3. Convert Q = 400 rpm x 27/60 = 
41.9 rad/s. Each ball moves at a centerline velocity 


V, = Qn, =(41.9)(0.28 + 0.0735/2) = 13.3 m/s 
Check Re =1.225(13.3)(0.0735)(1.78E-5) ~ 67000; Table 7.3: Cy ~ 0.47 


Then the drag force on each baseball is approximately 


1.225 
2 





F, =Cy Dve ae -0.47[ Jase 7 (0.0735) ~ 0.215N 


Make a similar approximate estimate for the drag of each rod: 


E 1.225(5.86)(0.007) 


= 2800, Cp ¥1.2 
1.78E-S 


V, = Org =41.9(0.14) = 5.86 =, Re 
S 


re 


Foa = Cp (2) V-DL = 1.2{ +29) 6.867 (0.007)(0.28) = 0.0495 N 


Then, with two balls and two rods, the total driving power required is 


P =25,V, +2E.V, = 2(0.215)(13.3) + 2(0.0495)(5.86) = 5.71+0.58~6.3W Ans. 





P7.70 The Army’s new ATPS personnel parachute is said to be able to bring a 
400-Ibf load, trooper plus pack, to ground at 16 ft/s in “mile-high” Denver, Colorado. If 
we assume that Table 7.3 is valid, what is the approximate diameter of this new 
parachute? 


Solution: Assume that Denver is 5280 ft = 1609 m standard altitude. From Table A.6, 
interpolate p = 1.046 kg/m? = 0.00203 slug/ft®. From Table 7.3, Cp ~ 1.2 for a parachute. 
Then the force balance is 





0.00203slug / ft? 
2 


W = 400lbf = Drag = Cp v K = 1.2( yoy? ae 
S 


Solve for D x 40ft Ans. 





P7.71 The 2009 Ford Escape Hybrid has an empty weight of 3669 lbf, a drag-area 
CpA = 11.6 ft” [21], and a rolling resistance coefficient RRC (without brakes) of 0.88 lbf 
per mi/h of speed. Estimate the maximum velocity this vehicle can attain when rolling 
freely, at sea-level conditions, down a 5-degree slope. 


Solution: For sea-level air, take p = 0.00238 slug/ft®. Convert the RRC to English units: 
0.88 Ibf/(mi/h) = 0.70 Ibf/(ft/s). At maximum (terminal) velocity, the rolling resistance 
and the air drag balance the vehicle weight component along the 5° slope: 


Wsin@ = (RRC)V + (Cp) EV? or: 


0.00238 slug / ft? v 
2 
Solve for V = 129ft/s = 88 mi/h Ans. 


(36691bf )sin(5°) = 070V + (11.6 ft”)( 
S 


At this (surprisingly high) terminal speed, the drag force is still double the rolling resistance. 





P7.72 A settling tank for a municipal water supply is 2.5 m deep, and 20°C water 
flows through continuously at 35 cm/s. Estimate the minimum length of the tank which 
will ensure that all sediment (SG = 2.55) will fall to the bottom for particle diameters 
greater than (a) 1 mm and (b) 100 um. 





Fig. P7.72 


Solution: For water at 20°C, take p = 998 kg/m? and u = 0.001 kg/m-s. The particles 
travel with the stream flow U = 35 cm/s (no horizontal drag) and fall at speed Vf with 
drag equal to their net weight in water: 





T3 Pw y2 E2 2 _ 4(SG-1)gD 
W.., =(SG-1 D` = Drag = Cp ~ V; —D*, or: V; =————— 
net ( Pw 6 g D 2 f 4 f 3Cp 


where CD = fcn(ReD) from Fig. 7.16b. Then L = Uh/Vf where h = 2.5 m. 


(a) D=1mm: V? = see. iterate Fig. 7.16b to Cp ~ 1.0, 
D 


Rep ~140, V; ~0.14 m/s, hence L= Ub/V; = aoe ~6.3m_ = Ans. (a) 


(b) D=100 um: V? = ae iterate Fig. 7.16b to Cp ~ 36, 
D 


Rep ~0.75, V; ~ 0.0075 m/s, L= zs) 120m _ Ans. (b) 
0.0075 





P7.73 A balloon is 4 m in diameter and contains helium at 125 kPa and 15°C. Balloon 
material and payload weigh 200 N, not including the helium. Estimate (a) the terminal 
ascent velocity in sea-level standard air; (b) the final standard altitude (neglecting winds) 
at which the balloon will come to rest; and (c) the minimum diameter (<4 m) for which 
the balloon will just barely begin to rise in sea-level air. 


Solution: For sea-level air, take p = 1.225 kg/m? and u = 1.78E-5 kg/m-s. For helium 
R = 2077 J/kg-°K. Sea-level air pressure is 101350 Pa. For upward motion V, 


Net buoyancy = weight + drag, or: (Pair — PHe gD! =W+Cp at a 


or. |1.225—-—125000_|¢9 81% (4)3 = 2005 C (E) 7 (4) 
2077(288) 6 2 4 





Guess turbulent flow: Cp ~0.2: Solve for V 9.33 m/s Ans. (a) 


Check ReD = 2.6E6: OK, turbulent flow. 


(b) If the balloon comes to rest, buoyancy will equal weight, with no drag: 


$1) Z (4° = 200, 
Pair 3977088) | © Eo 
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Solve: yi, ~ 0.817 s > Zraeag % 4000m Ans. (b) 


(c) If it just begins to rise at sea-level, S will be slightly greater than weight: 


1.2 _ 125000 


< |0.81)Z D? >200, or: D>3.37m Ans. (c) 
2077(288) 6 





P7.74 It is difficult to define the “frontal area” of a motorcycle due to its complex 
shape. One then measures the drag-area, that is, CDA, in area units. Hoerner [12] reports 
the drag-area of a typical motorcycle, including the (upright) driver, as about 5.5 fê. 
Rolling friction is typically about 0.7 lbf per mi/h of speed. If that is the case, estimate the 
maximum sea-level speed (in mi/h) of the new Harley-Davidson V-Rod™ cycle, whose 
liquid-cooled engine produces 115 hp. 


Solution: For sea-level air, take p = 0.00237 slug/ft? . Convert 0.7 lbf per mi/h rolling 
friction to 0.477 lbf per ft/s of speed. Then the power relationship for the cycle is 


Power = (Fu + Fon WV = (c CpA = y? + Cut JY, 


or: 115550 ae -|s ft ») 0.00257 slug” ya afo. 477 mr) v| 
t/s 


Solve this cubic equation, by iteration or EES, to find Vmax ~ 192 ft/s ~ 131 mi/h. Ans. 





P7.75 The helium-filled balloon in 
Fig. P7.75 is tethered at 20°C and 1 atm 
with a string of negligible weight and drag. 
The diameter is 50 cm, and the balloon 
material weighs 0.2 N, not including the 
helium. The helium pressure is 120 kPa. 
Estimate the tilt angle 0 if the airstream 
velocity U is (a) 5 m/s or (b) 20 m/s. 





Solution: For air at 20°C and 1 atm, take p = 1.2 kg/m? and yu = 1.8E-5 kg/m- k For 
helium, R = 2077 J/kg-°K. The helium density = (120000)/[2077(293)] ~ 0.197 kg/m?. 


The balloon net buoyancy is independent of the flow velocity: 
Bret = (Pair — Pue)8 T Z p =(1.2-0.197)(9. oD Z oo. 5) = 0.644 N 


The net upward force is thus Fz = (Bnet — W) = 0.644 — 0.2 = 0.444 N. The balloon drag 
does depend upon velocity. At 5 m/s, we expect laminar flow: 


1.2(5)(0.5) 


=167000; Table7.3: Cp ~ 0.47 
1.8E-5 


m 
(a) U=5 = Rep = 





Drag =C, 3 U? 5 D? =0. a(t 2) pZ (0.5)? = 1.384 N 


Then @, =tan if Drag) _ tan” (134) =72° Ans. (a) 
SE , 0.444 


(b) At 20 m/s, Re = 667000 (turbulent), Table 7.3: CD ~ 0.2: 


Zee ) =87° Ans. (b) 


D oa(t 12) 074 0.5) =9.43N, 0,=t 4(28 
gn Oy?) ian \ 0.444 


These angles are too steep—the balloon needs more buoyancy and/or less drag. 





P7.76 The 2005 movie The World’s Fastest Indian tells the story of Burt Munro, a 
New Zealander who, in 1937, set a motorcycle record of 201 mi/h on the Bonneville Salt 
Flats. Using the data of Prob. P7.74, (a) estimate the horsepower needed to drive this 
fast. (b) What horsepower would have gotten Burt up to 250 mi/h? 


Solution: Prob. P7.74 suggests CpA = 5.5 ft” and F rolling = 0.7 Ibf per mi/h of speed. 
Convert 201 mi/hr to 295 ft/s. Bonneville is at 4300 ft altitude, so take p = 1.0784 kg/m’ 
= 0.00209 slug/ft? from Table A.6. Now compute the total resistance force: 


P2 
F= Farag + F,, rolling = = (CAY + 0.7V mish 


0.00209slug / ft? 
2 


= (5.5 ft) )(295 ft/s)" + 0.7(201) = 500 +141 = 6411bf 


Power = FV = (64llbf)(295 ft/s) = 189,000 ft —lbf/s +550 = 343hp Ans.(a) 
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A lot of power! Presumably Burt did some streamlining to reduce drag. 


(b) Repeat this for V = 250 mi/h = 367 ft/s to get F = 914 Ibf, Power = 610 hp. Ans. (b) 





P7.77 To measure the drag of an upright person, without violating human-subject 
protocols, a life-sized mannequin is attached to the end of a 6-m rod and rotated at Q = 
80 rev/min, as in Fig. P7.77. The power required to maintain the rotation is 60 kW. By 
including rod-drag power, which is significant, estimate the drag-area CDA of the 
mannequin, in m^. 





Fig. P7.77 


Solution: For air, take p = 1.2 kg/m? and u = 1.8E-5 kg/m-s. The mannequin velocity is 
Vm = QL = [(80 x 27/60)rad/s](6m) ~ (8.38 rad/s)(6 m) ~ 50.3 m/s. The velocity at 
mid-span of the rod is QL/2 = 25 m/s. Crudely estimate the power to rotate the rod: 


Š VD _ (25 m/s)(0.08 m) 


Re = 
Py 0.000015 m?/s 


= 133000, Table 7.2: Cp jog 1-2 


vu 


L 
P 02,2 Po? 

Poa ®| (Co 20 r Dar|r=C,20 D 

a 2 2 4 


1.2 2 6.04 
Input the data: P,,, = (1.2) (8.38) (0.08) — = 1300 W 


Rod power is thus only about 2% of the total power. The total power relation is: 


rou 2 
Solve for (CpA) 


P =P 4+ (CA) (2) V? =1300+ (CA) pan jes = 60000 W 


~ 0.77 m? Ans. 


mannequin 





P7.78 On April 24, 2007, a French bullet train set a new record, for rail-driven 
trains, of 357.2 mi/h, beating the old record by 12 per cent. Using the data in Table 7.3, 
estimate the sea-level horsepower required to drive this train at such a speed. 


Solution: Take sea-level density as 1.2255 kg/m*. Convert 357.2 mi/h to 159.7 m/s. 
From Table 7.3, the drag-area of a high-speed train is about CpA ~ 8.5 m’. Thus the drag 
force is 


1.2255kg/m? 
2 


= (Cpa) Sv? = (8.5 m)( \(159.7)? = 133,000. 
S 


Power required = FV = (133,000)(159.7) = 21.2 MW /745.7 = 28,400hp Ans. 





P7.79 A radioactive dust particle approximate a sphere with a density of 2400 kg/m’. 
How long, in days, will it take the particle to settle to sea level from 12 km altitude if the 
particle diameter is (a) 1 um; (b) 20 um? 


Solution: For such small particles, tentatively assume that Stokes’ law prevails: 





Firag 


& 3qUDV = Weer = (Pp ~ Pair E 7 D? = (2400 -1 or s0)9.81)£ D° = 12320D? 
Thus Vy, * 12320D* /[37Dy] x 1307D7/4 = -dZ/dt, where Z = altitude 


Thus the time to fall varies inversely as D? and depends on an average viscosity in the air: 


12000 
12000 kg 
tra = = 1307D? ann? Havglo-120007 Table A-6 gives 4avg = 1.61E-5 —— 


1307D? m-s 


0 


Try our two different diameters and check the Reynolds number for Stokes’ flow: 


12000(1.61E-5) 
a) D=1 : At = —— > z 1.48E8 s x 1710 days Ans. (a 
© poe 1307(1E-6)" i G 


Emax * 5E—6 << 1, OK 


12000(1.61E-5) 
b) D=20 ım: At = x3.70E5 sz 4.3 days Ans. (b 
b) as 1307(2E-5)” y w 
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Rea, = 0.04 << 1, OK 
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P7.80 A heavy sphere attached to a string 
should hang at an angle 0 when immersed 
in a stream of velocity U, as in Fig. P7.80. 
Derive an expression for @ as a function of 
the sphere and flow properties. What is 0 if 
the sphere is steel (SG = 7.86) of diameter 
3 cm and the flow is sea-level standard air 
at U=40 m/s? Neglect the string drag. 


Solution: For sea-level air, take p = 
1.225 kg/m? and ys = 1.78E-5 kg/m-s. The 
sphere should hang so that string tension 
balances the resultant of drag and net 
weight: 








= 3 
tan = Waet or @= tan~! (Pp, Baie 
(2/8)CypU2D 


Drag : 


Symbolic answer. 


617 


For the given numerical data, first check Re and the drag coefficient, then find the angle: 


_ 1.225(40)(0.03) 


= 1.78E-5 


F= $ (0.5)(1.225)(40)? (0.03)? ~ 0.346 N; 


W =[7.86(998) — 1.2251(9.81)~ (0.03) =1.09N 


= 83000, Fig. 7.16b: Cy = 0.5 


0 =tan |(1.09/0.346) ~ 72° Ans. 





P7.81 A typical U.S. Army parachute has a projected diameter of 28 ft. For a payload 
mass of 80 kg, (a) what terminal velocity will result at 1000-m standard altitude? For the 
same velocity and payload, what size drag-producing “chute” is required if one uses a 
square flat plate held (b) vertically; and (c) horizontally? (Neglect the fact that flat shapes 


are not dynamically stable in free fall.) Neglect plate weight. 


Solution: For air at 1000 meters, from Table A-3, p= 1.112 kg/m? . Convert D = 28 ft = 
8.53 m. Convert W = mg = 80(9.81) = 785 N. From Table 7-3 for a parachute, read CD ~ 1.2, 


Then, for part (a), 





W =785 N = Drag = 12(+12) u? (8.53), solve for U ~ 4.53 © Ans. (a) 
sS 
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(c) From Table 7-3 for a square plate normal to the stream, read CD ~ 1.18. Then 


W =785 N = Drag = 118(+112) (4.53 L’, solve for L » 7.63 m= 25 ft Ans. (c) 


This is a comparable size to the parachute, but a square plate is ungainly and unstable. 


(b) For a square plate parallel to the stream use (turbulent) flat plate theory. We need the 
viscosity—at 1000 meters altitude, estimate “air ~ 1.78E—5 kg/m-s. Then 


W =785 N = Drag = 





0.031 (HY 
[1.112(4.53)L/..78E-5}!7 \ 2 


Solve for L+114m=374ft Ans. (b) 


) (4.53) L (2 sides) 


This is ridiculous, as it was meant to be. A plate parallel to the stream is a low-drag 
device. You would need a plate the size of a football field. 





P7.82 Skydivers, flying over sea-level ground, typically jump at about 8000 ft altitude and 
free-fall spread-eagled until they open their chutes at about 2000 ft. They take about 10 s to 
reach terminal velocity. Estimate how many seconds of free-fall they enjoy if (a) they fall 
spread-eagled; or (b) they fall feet first? Assume a total skydiver weight of 220 lbf. 


Solution: From Table 7.3 use CpA = 9 ft” spread-eagled and 1.2 ft? when feet first. 
From Table A.6, p = 0.001869 slug/ft* at 8000 ft standard altitude and 0.002242 slug/ft* 
at 2000 ft. (a) Compute each terminal velocity spread-eagled (CpA = 9 ft’): 


At 8000 ft: W =220Ibf =(CpA)(p/2)V* = (9)(0.001869/2)V7 , V =162 ft/s =110mi/h 
At 2000 ft: W = 220lbf = (CpA)(p/2)V? = (9)(0.002242/2)V* , V =148 ft/s =101mi/h 
The difference is less than 10%, so just assume an average velocity of (162+148)/2 = 155 ft/s. 
For the first 10 s, assume an average velocity of 162/2 times 10 s = 810 ft before reaching 
terminal speed. That leaves (6000-810) divided by 155 ft/s of terminal fall x 46s Ans.(a) 
(b) Compute each terminal velocity falling feet first (CpA = 1.2 ft’): 
At 8000 ft: W = 2201bf = (CpA\(p/2)V? = (1.2)(0.001869/2)V?, V =443 ft/s = 302mi/h 
At 2000 ft: W =220lbf = (CpA)(p/2)V? = (1.2)(0.002242/2)V? , V =404 ft/s = 276mi/h 
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Ridiculously fast! The average is 424 ft/s. For the first 10 s, assume an average velocity 
of 443/2 times 10 s = 2215 ft before reaching terminal speed. That leaves (6000-2215) 
divided by 424 ft/s of terminal fall x only 9s Ans.(b) [Not ‘enjoyable’, in the 
writer’s opinion .] 





P7.83 A high-speed car has a drag coefficient of 0.3 and a frontal area of 1.0 m*. A 
parachute is to be used to slow this 2000-kg car from 80 to 40 m/s in 8 s. What should 
the chute diameter be? What distance will be travelled during deceleration? Assume 
sea-level air. 


Solution: For sea-level air, take p = 1.225 kg/m? and z= 1.78E-—5 kg/m-s. The solution 
this problem follows from Eq. (1) of Example 7.7. 


V=V, /[1+(K/m)V,t] where K = © (Coeur ea + ChehuteA chute ) 


Take CDchute = 1.2. Enter the given data at t = 8 sec and find the desired value of K: 
ine 

1+(K/2000)(80)(8 s) 
Solve for D~2.26m_ Ans. (a) 


solve for K ~3.125= 125! 0.0) $ 1220| 


The distance travelled is given as Eq. (2) of Ex. 7.7: 


a= Ky, -2125 80) =0.125s', S -Vonta = 
m 2000 a 0.125 


or S=440m_ Ans. (b) 





In[1+0.125(8)] 





P7.84 A Ping-Pong ball weighs 2.6 g and has a diameter of 3.8 cm. It can be 
supported by an air jet from a vacuum cleaner outlet, as in Fig. P7.84. For sea-level 
standard air, what jet velocity is required? 
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Solution: For sea-level air, take p = 1.225 kg/m? and u = 1.78E-5 kg/m-s. The ball 
weight must balance its drag: 
9 0 





Fig. P7.84 


W =0.0026(9.81) = 0.0255 N=C,, aw an =Cy =v (0.038), Cy = fen(Re) 


Cp V? =36.7, Use Fig. 7.16b, converges to Cp ~ 0.47, Re ~ 23000, V x9 m/s Ans. 





P7.85 In this era of expensive fossil fuels, many alternatives have been pursued. One 
idea from SkySails, Inc., shown in Fig. P7.85, is the assisted propulsion of a ship by a 
large tethered kite. The tow force of the kite assists the ship propeller and is said to 
reduce annual fuel consumption by 10%-35%. For a typical example, let the ship be 120 
m long, with a wetted area of 2800 m°. The kite area is 330 m? and has a force 
coefficient of 0.8. The kite cable makes an angle of 25° with the horizontal. Let Vwina = 
30 mi/h. Neglect ship wave drag. Estimate the ship speed (a) due to the kite only; and 
(b) if the propeller delivers 1,250 hp to the water. [Hint: The kite sees the relative 
velocity of the wind.] 
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Fig. P7.85. Ship propulsion assisted by a large kite. [Copyright SkySails, Inc.] 


Solution: Assume sea level air density, p, = 1.2255 kg/m’. For seawater, take p = 1025 
kg/m? and = 0.00107 kg/m-s. The wind velocity is 30 mi/h = 13.4 m/s. (a) For a wind 
Vair and a ship speed V, the kite force equals the friction drag of the ship: 


Note that the kite sees the wind velocity relative to the moving ship, (Vair — V). The 
horizontal kite force and the ship drag are both equal to 17,400 N. 





= Pa 2 o a P 2 
Frite = Cp 2 Akire Wair -V)° cos 25" = F hip = C4, friction g ship vV‘, 
where C4, friction = ee = ee 1/7 
Re; (1025 * V *120/.00107) 
Thus (0.8) )330)113.4 -V)? cos25° = C4, friction P2800) y? 


Solve by iteration or EES: V =V,nip = 2.52 m/s = 4.9 knots Ans.(a) 


(b) The propeller power is equivalent to a propulsion force, F, = Power/V. This force, 
added to the kite horizontal force, must equal the ship drag. Convert 1250 hp to 
(1250)(745.7) = 932 kW. 


932,000 W 1.2255 
V 


+ (0.8)( 5 1023 


2 





)(330)(13.4-V) cos25° = Cy friction 2800) V? 


0.031 _ 0.031 
Re!”  (1025*V *120/.00107)"7 





where Ca „friction 7 
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Solve by iteration or EES to obtain V = 7.44 m/s = 14.5 knots. Ans.(b) 

This is fast, about the average speed of a cargo ship. At this speed, the relative wind on 
the kite is small, only 6 m/s. Hence the kite force is only 5200 N, while the propeller 
force is 125,000 N. 

It might be better to cut the power, for example, by 50% to 625 hp, which would result in 
V= 6.0 m/s = 11.6 knots, which is only a 20% reduction in ship speed. 





P7.86 Hoerner [Ref. 12 of Chap. 7, p. 3-25] states that the drag coefficient of a flag of 
2:1 aspect ratio is 0.11 based on planform area. URI has an aluminum flagpole 25 m high 
and 14 cm in diameter. It flies equal-sized national and state flags together. If the fracture 
stress of aluminum is 210 MPa, what is the maximum flag size that can be used yet 
avoids breaking the flagpole in hurricane (75 mi/h) winds? Neglect the drag of the 


flagpole. 3# 


Fig. P7.86 


Solution: URI is approximately sea-level, p = 1.225 kg/m’. Convert 75 mi/h = 33.5 m/s. We 
will use the most elementary strength of materials formula, without even a stress- 
concentration factor, since this is just a fluid mechanics book: 


c= 2. 210E6 Pa = 0-07 m) 


Sa es = 56600 N-m 
(7/4)(0.07 m) 


solve for M jracture 


Assume flags are at the top (see figure) with no space between. Each flag is “H” by “2H.” 
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Then, 
H H 
M = 56600 Nm = Fysa (2s m- 2) + Fry (25 m =m ; 


where Fysa = Fpi = o.11( 1223) (33.5) H(2H) 


Iterate or use EES: F =1281N, H=2.91m, Flag length = 2H = 5.82m Ans. 





P7.87 A tractor-trailer truck has a drag area CDA = 8 m? bare and CDA = 6.7 m? with 
a deflector added (Fig. 7.18b). Its rolling resistance is 50 N for each mi/h of speed. 
Calculate the total horsepower required if the truck moves at (a) 55 mi/h; and 
(b) 75 mi/h. 


Solution: For sea-level air, take p = 1.225 kg/m? and u = 1.78E-5 kg/m-s. Convert V = 
55 mi/h = 24.6 m/s and 75 mi/h = 33.5 m/s. Take each speed in turn: 


1.225 
2 
Power required = FV = (5712)(24.6) = 140 kW ~ 188 hp (bare) 
with a deflector, F ~ 2481+2750 = 5231 N, Power =129 kW ~ 172 hp (-8%) 





(a) 55 s > Fore = (8 m?)( Joao) + 50(55) = 2962 + 2750 = 5712 N 


b) 75 ™: F=8 


(2 
h 


2 
Power = 310 kW ~ 416 hp (bare) 
With deflector, F =8363 N, Power = 280 kW ~ 376 hp (-10%) 


Jas + 50(75) = 9258 N, 
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P7.88 A pickup truck has a clean drag- 
area CDA of 35 ft?. Estimate the 
horsepower required to drive the truck at 55 
mi/h (a) clean and (b) with the 3- by 6-ft 
sign in Fig. P7.88 installed if the rolling 
resistance is 150 lbf at sea level. 


Solution: For sea-level air, take p = 
0.00238 slug/ft? and u = 3.72E-7 slug/ft-s. 
Convert V = 55 mi/h = 80.7 ft/s. Calculate 
the drag without the sign: 








F=F 


rolling 


+CpA 2 v? 





= 150 +35(0.00238/2)(80.7)° ~ 421 lbf 


Fig. P7.88 


Horsepower = (421)(80.7)+ 550 ~ 62 hp (clean) Ans. (a) 


With a sign added, b/h = 2.0, read CD % 1.19 from Table 7.3. Then 
0.00238 





F= 42l + tof J607? (6)(3) = 587 Ibf, 


Power = FV x 86 hp Ans. (b) 





P7.89 The new AMTRAK high-speed Acela train can reach 150 mi/h, which 
presently it seldom does, because of the curvy coastline tracks in New England. If 75% 
of the power expanded at this speed is due to air drag, estimate the total horsepower 
required by the Acela. 


Solution: For sea-level air, take p = 1.22 2 kg/m”. From Table 7.3, the drag-area CD A of 
a streamlined train is approximately 8.5 m°. Convert 150 mi/h to 67.1 m/s. Then 


af 
0.75P rain = [eaey =(8.5m Laon JE m/s)? =1.56E6 watts 


Solve for P, 


train 


=2.08E6 W = 2800 hp Ans. 
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P7.90 In the great hurricane of 1938, 
winds of 85 mi/h blew over a boxcar in 
Providence, Rhode Island. The boxcar was 
10 ft high, 40 ft long, and 6 ft wide, with a 
3-ft clearance above tracks 4.8 ft apart. 
What wind speed would topple a boxcar 
weighing 40,000 Ibf? 


Solution: For sea-level air, take p = 
0.00238 slug/ft? and ys = 3.72E~7 slug/fts. 
From Table 7.3 for b/h = 4, estimate CD ~ 
1.2. The estimated drag force F on the left 
side of the box car is thus 





F=Cy Z V?bh = 1 2{ 290238 





) V?(40)(10) = 0.5712V° (in ft/s) 


625 


Sum moments about right wheels: (0.5712V°)(8 ft) — (40000 1bf)(2.4 ft)=0, V? =21008 


Solve V, 


overturn 


=145 ft/s x 99 mi/h Ans. 


[The 1938 wind speed of 85 mi/h would overturn the car for a car weight of 29600 Ibf.] 





P7.91 A cup anemometer uses two 5-cm- 
diameter hollow hemispheres connected to 
two 15-cm rods, as in Fig. P7.91. Rod drag 
is neglected, and the central bearing has a 
retarding torque of 0.004 N-m. With 
simplifying assumptions, estimate and plot 
rotation rate Q versus wind velocity in the 
range 0 < U < 25 m/s. 


Solution: For sea-level air, take p = 
1.225 kg/m? and u = 1.78E-5 kg/m-s. For 
any instantaneous angle @ as shown, the 
drag forces are assumed to depend on the 
relative velocity normal to the cup: 


M, = R| Cp, eu cos0- QR)? 


-Cm 2(U 050+ RY | 


Cp, ¥1.4, Cp) = 0.4 


U 


D=Scm 


nh Ucosg 
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For a given wind velocity 0 < U < 25 m/s, we find the rotation rate Q (here in rad/s) for 
which the average torque over a 90° sweep is exactly equal to the frictional torque of 
0.004 N-m. [The torque given by the formula mirrors itself over 90° increments.] For U = 
20 m/s, the torque variation given by the formula is shown in the graph below. We do this 
for the whole range of U values and then plot Q (in rev/min) versus U below. We see that 
the anemometer will not rotate until U > 6.08 m/s. Thereafter the variation of Q with U is 
approximately linear, making this a popular wind-velocity instrument. 





0.025 







TH., 
0.02 a 
Mo, Nem 


0.015 | 
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*P7.92 A 1500-kg automobile uses its drag-area, CDA = 0.4 mî, plus brakes and a 
parachute, to slow down from 50 m/s. Its brakes apply 5000 N of resistance. Assume sea- 
level standard air. If the automobile must stop in 8 seconds, what diameter parachute is 
appropriate? 
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Solution: For sea-level air take p = 1.225 kg/m?, From Table 7.3 for a parachute, read 
CDp * 1.2. The force balance during deceleration is, with Vo = 50 m/s, 


dV 


= —5000 =1500 
dt 





È F= Fon Firag car 


Le (o4 ; 122p )y = (ma) 


Note that, if drag = 0, the car slows down linearly and stops in 50(1500)/(5000) = 15 s, 
not fast enough—so we definitely need the drag to cut it down to 8 seconds. The first- 
order differential equation above has the form 


(0.4+1.22D?14\ 
aV L aV where a- 1225 P AR p = 5000 


an = 
dt 2 1500 1500 


Separate the variables and integrate, with V = Vo = 50 m/s at t = 0: 


0 t 


fla 
f av 73 -f dt, Solve: t= tan™!] V, 7) =85? 
b+aV vab | b 


Vo 0 








The unknown is Dp, which lies within a! Iteration is needed—an ideal job for EES! Well, 
anyway, you will find that Dp = 3 m is too small (t = 9.33 s) and Dp = 4 mis too large (t 
= 7.86 s). We may interpolate (or EES will quickly report): 
3.9m Ans. 


D yarachute(t=8 s) 





P7.93 A hot-film probe is mounted on a Hot film 
cone-and-rod system in a sea-level 
airstream of 45 m/s, as in Fig. P7.93. 45 m/s 
Estimate the maximum cone vertex angle 
allowable if the flow-induced bending 
moment at the root of the rod is not to 
exceed 30 N-cm. 


Solution: For sea-level air take p = 1.225 

kg/m? and u = 1.78E-5 kg/m-s. First figure 

the rod’s drag and moment, assuming it is a smooth cylinder: 
1.225(45)(0.005) 


Re = 
eas 1.78E-5 
1.225 


Fog = 12(+25) (45)? (0.005)(0.2)=1.49 N,  Moase.roa = 1-49(10) = 14.9 Nem 





=15500, Fig.7.16a: read Cp oq = 1.2 
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Then add in the drag-moment of the cone about the base: 





EMs =30=14.94 Gi 225) (45) (2) (0.03)?(21.5 cm) 


Solve for Cp cone ¥ 0.80, Table 7.3: read 6,,,, * 60° Ans. 


cone 





P7.94 A rotary mixer consists of two 1- 
m-long half-tubes rotating around a central 
arm, as in Fig. P7.94. Using the drag from 
Table 7.2, derive an expression for the 
torque T required to drive the mixer at 
angular velocity © in a fluid of density p. 
Suppose that the fluid is water at 20°C and 
the maximum driving power available is 
20 kW. What is the maximum rotation 
speed Q r/min? 





Fig. P7.94 


Solution: Consider a strip of half-tube of width dr, as shown in Fig. P7.94 above. The 
local velocity is U = Qr, and the strip frontal area is Ddr. The total torque (2 tubes) is 


T, =2 Í rdF= | [c2 (Qr) "Dar |= 1 CppDR Ans. (a) 
tube 


(b) For water at 20°C, take p = 998 kg/m? and u = 0.001 kg/m-s. Assume that the half- 
tube shape has the drag coefficient CD ~ 2.3 as in Table 7.2. Then, with power known, 


P = 20000 W =T,Q= | $02.31998)0" 0.05).05 | Q=28.703 


Solve for Os. Seay wes oe Ans. œ) 
s 2 min 


T 





P7.95 An airplane weighing 28 KN, with a drag-area CpA = 5 m7, lands at sea level at 
55 m/s and deploys a drag parachute 3 m in diameter. No other brakes are applied. 
(a) How long will it take the plane to slow down to 20 m/s? (b) How far will it have 
traveled in that time? 


Chapter 7 e Flow Past Immersed Bodies 629 


Solution: For sea-level air, take p = 1.225 kg/m? and u = 1.78E-5 kg/m-s. The 
analytical solution to this deceleration problem was given in Example 7.8 of the text: 
Take CD,chute = 1.2. 





y=- ee gel se gal PO SDON 5 n? 41.276 m)? l=0.159 s7 
l+at 2W 2(28000) 4 
(a) Then the time required to slow down from 55 m/s to 20 m/s, without brakes, is 
20 m/s = soe Et solve for t=11.0s Ans. (a) 
14+0.159¢ 


(b) The distance traveled was also derived in Example 7.8: 





S= mlte) In{1+0.159(11.0)]~ 350m = Ans. (b) 
a 


0.159 





*P7.96 A Savonius rotor (see Fig. 6.29b) 
can be approximated by the two open half- 
tubes in Fig. P7.96 mounted on a central 
axis. If the drag of each tube is similar to 
that in Table 7.2, derive an approximate 
formula for the rotation rate Q as a 
function of U, D, L, and the fluid 
properties p and yu. 


Solution: The analysis is similar to 
Prob. 7.91 (the cup anemometer). At any 
arbitrary angle as shown, the net torque 
caused by the relative velocity on each 
half-tube is set to zero (assuming a 
frictionless bearing): 


T,=0= ok —F,) where 


F, = Cp, (p/2)(Ucos@- QD/2)’ DL 
EF, = Cy (p/2)(Ucos0+ QD/2)° DL 


This pattern of torque repeats itself every 
90°. Thus the torque is an average value: 


Taave = 0 if Fave = Fave 
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2 2 


or EDLC», [ve0so-02 | = EDLC, [Ucosa+02) 


avg 


or: U cosol- G)we 2+ Soe C= a [5 0-722 
DI . 


where CD1 = 2.3 and CD2 = 1.2 are taken from Table 7.2. The average value of cos@ 
over 0 to 90° is 2/7 = 0.64. Then a simple approximate expression for rotation rate is 


Q, s osoit e(a) soat Ans. 
avg 


avg 





wD Lee D [| \1+0.722 





*P7.97 A simple measurement of automobile drag can be found by an unpowered 
coastdown on a level road with no wind. Assume constant rolling resistance. For an 
automobile of mass 1500 kg and frontal area 2 m°, the following velocity-versus-time 
data are obtained during a coastdown: 


t, S: 0.00 10.0 20.0 30.0 40.0 
V, m/s: 27.0 24.2 21.8 19.7 17.9 


Estimate (a) the rolling resistance and (b) the drag coefficient. This problem is well suited 
for digital-computer analysis but can be done by hand also. 


Solution: For air, take p = 1.2 kg/m? and u = 1.8E-5 kg/m-s. Assuming that rolling 
friction is linearly proportional to the car velocity. Then the equation of motion is 


maye F 


dt rolling F 


drag = 


XF, = 





KV CAE vê, 
t v 
Separate and integrate: f dt = -Í 
0 Vo 
or ten K+CpApv/2 V, 
v K+CpApvV,/2 


dV 
(K/m)V + (Cp Api2m)V?’ 





This is the formula which we must fit to the data. Introduce numerical values to get 





~1500 Kes v 
t= In 


solve by least squares for K and CD. 
K 27 K+1.2VC, 


The least-squares results are K ~ 9.1 N-s/m and Cp #0.24. Ans. 
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These two values give terrific accuracy with respect to the data—deviations of less than 
+0.06%! Actually, the data are not sensitive to K or CD, at least if the two are paired 
nicely. Any K from 8 to 10 N-s/m, paired with CD from 0.20 to 0.28, gives excellent 
accuracy. We need more data points to discriminate between parameters. 





*P7.98 A buoyant ball of specific 
gravity SG < 1, dropped into water at inlet 
velocity Vo, will penetrate a distance h 
and then pop out again, as in Fig. P7.98. 
(a) Make a dynamic analysis, assuming a 
constant drag coefficient, and derive an 
expression for h as a function of system 
properties. (b) How far will a 5-cm- 
diameter ball, with SG = 0.5 and CD = 
0.47, penetrate if it enters at 10 m/s? 


Diameter 


D 
(SG< 1) 








Fig. P7.98 
Solution: The buoyant force is up, Wnet = (1 — SG)pg(/6)D?, and with z down as 
shown, the equation of motion of the ball is 

dV P72 T2 

2 F, =m—=-W, -Cp VA, A==D°. 
dt 17D 7 
Separate and integrate: i dt = Í ay 7 
0 (W,e./m) + (Cp eA/2m)V 
or V = V; tan] tan (%]- tMar where V; =./2W,../(@CpA) for short. 
mV; 


The total distance travelled until the ball stops (at V= 0) and turns back upwards is 


t(V=0) 


J Vdt= 





D 


m mi + (V/V; 1 Ans. (a) 


(b) Apply the specific data to find the depth of penetration for a numerical example. For 
water, take p = 998 kg/m? and u = 0.001 kg/m-s. 


Wa = (1- 0.5)(9790) = (0.05)° ~0.320N; m= 0.5(998)— (0.05) ~ 0.0327 kg 


2 OO: 2h.eia ccna = 
998(0.47)(2/4)(0.05) s 


_ 998(0.834)(0.05) 


= 42000 OK 
0.001 
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Then the formula predicts total penetration depth of 


2 
0.0327 kg hf | 109 ) |- 0.18m Ans. (b) 





~ 998(0.47)(/4)(0.05} 0.834 
NOTE: We have neglected “hydrodynamic” mass of the ball (Section 8.8). 





P7.99 Two steel balls (SG = 7.86) are 
connected by a thin hinged rod of 
negligible weight and drag, as shown in 
Fig. P7.99. A stop prevents counter- 
clockwise rotation. Estimate the sea-level 
air velocity U for which the rod will first 
begin to rotate clockwise. 





Solution: For sea-level air, take p = 1.225 
kg/m? and w = 1.78E-S kg/m-s. Let “a” 
and 

“b” denote the large and small balls, respectively, as shown. The rod begins to rotate 
when the moments of drag and weight are balanced. The (clockwise) moment equation is 


Fig. P7.99 


= Mo = Fa(0.1sin45°) — Wa(0.1 cos 45°) — Fb(0.1 sin 45°) + Wb(0.1cos45°) = 0 


For 45°, there are nice cancellations to obtain .. Fa — Fb = Wa — Wb, or: 


Pin T P1272? I 3 T 
Cp, 5Y ge -Co aU gP 5(SG)Pyue8 g Di = (SG)Psue8 g Po 


Assuming that CDa = CDb 7 0.47 (Re < 250000), we may easily solve for air velocity: 


voan ) Z {0.02} -(0.0)?]= (7.86)(9790) ={(0.02)" -(0.0D°] 


PYA: 
Solve for U =ĘŻ44158 x 64m/s Ans. 


We may check that Remax = 1.225(64)(0.02)/1.78E-5 ~ 89000, OK, CD ~ 0.47. 





P7.100 A tractor-trailer truck is coasting freely, with no brakes, down an 8° slope at 
1000-m standard altitude. Rolling resistance is 120 N for every m/s of speed. Its frontal 
area is 9 m*, and the weight is 65 KN. Estimate the terminal coasting velocity, in mi/h, for 
(a) no deflector; and (b) a deflector installed. 
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Solution: For air at 100-m altitude, o = 1.112 kg/m?, From Table 7.3, Cp = 0.96 
without and 0.76 with a deflector. Summing forces along the roadway gives: 


Wsinĝ = Fragt Fon =- =Cp Ai 


+ C,ouV 


A frontal roll 


(a, b) Applying the given data results in a quadratic equation: 


No deflector: (65000 N)sin8° = (0. 96)( 142 112) (9.0)V* +120V, 


or: V*+24.98V-1883=0 Solve V =32.7 m/s=73mi/h Ans. (a) 


With deflector: (65000 N)sin8° = (0. 76)( 142 112) (9.0)V? +120V, 


or: V?+31.55V-2379=0 Solve V =35.5 m/s=79mi/h Ans. (b) 





P7.101 Icebergs can be driven at 
substantial speeds by the wind. Let the 
iceberg be idealized as a large, flat 
cylinder, D << L, with one-eighth of its 
bulk exposed, as in Fig. P7.101. Let the 
seawater be at rest. If the upper and lower 
drag forces depend upon relative velocities 
between the berg and the fluid, derive an 
approximate expression for the steady 
iceberg speed V when driven by wind 
velocity U. 


Solution: Assuming steady drifting (no 
acceleration), the berg sees a water current V 
coming from the front and a relative air 
velocity U — V coming from behind. Ignoring 
moments (the berg will merely tilt slightly), 
the two forces must balance: 


1 L 
Fir = Cp air > Pair (U = VD g 


2 
1 y2 7k 


= =C =p, D 
Fwater D,water water 
2 8 


SD Sh I | 





Ue 
X% 














Fig. P7.101 
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This has the form of a quadratic equation: 


— TPC 
=U (2) where æ =ou <<] 


U? -2UV +V’ =a V°, o V 
PaCDa 


berg 


Since æ = (5000), we approximate V, =U Na. 





P7.102 Sand particles (SG = 2.7), approximately spherical with diameters from 100 to 
250 um, are introduced into an upward-flowing water stream. What is the minimum water 
velocity to carry all the particles upward? 


Solution: Clearly the largest particles need the most water speed. Set net weight = drag: 


AgD(SG -1) 


13 Pix po 2 
Wo = -—p,,)g—D° =C,—V° —D’, solve Vo = 
net (Pp Pw )g 6 D 2 4 3Cp 


or: CpV? =  (9.81)(0.00025)X(2.7-1)= 0. with V in © 
pV? : 0002 0.00555 | with V in © 
S 


Iterate in Figure 7.16b: ReD%~10, CD24, Vmin=0.04m/s Ans. 





P7.103 When immersed in a uniform 
stream, a heavy rod hinged at A will hang 
at Pode’s angle 0, after L. Pode (1951). 
Assume the cylinder has normal drag 
coefficient CDn and tangential coefficient 
Cpt, related to Vn and Vt, respectively. 
Derive an expression for @ as a function of Fig. P7.103 
system parameters. Compute 6 for a steel 
rod, L = 40 cm, D = 1 cm, hanging in sea- 
level air at V = 35 m/s. 





Solution: For sea-level air, take p = 
1.225 kg/m? and u = 1.78E-5 kg/m-s. The 
tangential drag force passes right through 
A, so the moment balance is 





L L p Taa tE Ta L 
M, =F, —- W— cos = Cp, = (V sin 0 DL —- (p, — =~ DL — cos 0, 
LM, 05 5 Dn 5 ( ) > (P, PB 5 


sinb  (p,- p)g(2/2)D 
cos@ Phn V? 





Solve for Pode’s angle Ans. (a) 
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For the numerical data, take SG(steel) = 7.86, Ren ~ 17000 (laminar), CDn ~ 1.2: 


sin? Ø _ [7.86(998) -1 .2251(9.81)(7/2)(0.01) 
cos 0 (1.225)(1.2)(35) 





=0.671, solve Opoae * 44° Ans. (b) 





P7.104 The Russian Typhoon-class submarine is 170 m long, with a maximum 
diameter of 23 m. Its propulsor can deliver up to 80,000 hp to the seawater. Model the 
sub as an 8:1 ellipsoid and estimate the maximum speed, in knots, of this ship. 


Solution: For seawater, take p = 1025 kg/m’. The flow is surely turbulent (Rez > 2E9) 
so use the “turbulent” value Cp ~ 0.08 in Table 7.3 for an 8:1 ellipsoid. The power is 
cubic in V: 





Power = 80,000hp =5.97E7 W = FV = (Cp ave Dinan )¥ = (Cp 5 Pinan)? 


1025, 


Plug in: 5.9TETW = (0.08) 7 (23m)°V° ; Solve V =15.2 = 29.5knots Ans. 
S 





P7.105 A ship 50 m long, with a wetted area of 800 m7, has the hull shape of Fig. 7.19, 
with no bow or stern bulbs. Total propulsive power is 1 MW. For seawater at 20°C, plot the 
ship’s velocity V (in knots) versus power P for 0 < P < 1 MW. What is the most efficient 
setting? 


Solution: For seawater at 20°C, take p = 1025 kg/m? and u = 0.00107 kg/m-s. The drag 
is taken to be the sum of friction and wave drag—which are defined differently: 





F = Feict t Fraye = Co srict AV Ave t Co wave NE, 
with Cp wave from Fig. 7.19 and Cp fict © 0.031/Rey” (turbulent flat plate formula) 


1025 1025 


Here, F=Cprie 5 V?(800)+C 





pwave ———V7(50)?, with Vin mis T 1.94 kn 
s 

Assume different values of V, calculate friction and wave drag (the latter depending upon 

the Froude number VIN(gL) = VN [9.81(50)] ~ 0.0452V(m/s). Then compute the power in 

watts from P = FV, with F in newtons and V in m/s. Plot P versus V in knots on the graph 

below. The results show that, below 4 knots, wave drag is negligible and sharp increases 
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in ship speed are possible with small increases in power. Wave drag limits the maximum 
speed to about 8 knots. There are two good high-velocity, “high slope” regions—at 
6 knots and at 7.5 knots—where speed increases substantially with power. 


















































0 F + 4 


0 0.2 0.4 0.6 0.8 1 
Power, megawatts 








P7.106 For the kite-assisted ship of Prob. P7.85, again neglect wave drag and let the 
wind velocity be 30 mi/h. Estimate the kite area that would tow the ship, unaided by the 
propeller, at a ship speed of 8 knots. 


Solution: Since the only unknown is the kite area, this problem is simpler than Prob. P7.85. 
Convert 8 knots to 4.12 m/s. Assume sea level air density, , = 1.2255 kg/m’. For seawater, 
take p = 1025 kg/m’ and 4s = 0.00107 kg/m-s. The kite force balances the ship drag: 
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P, 
Fkire = Cp g Akire Wair 


2 P 2 
=V)" cos 25° = Fypin = Ca. friction 7 Aship V 


Evaluate Re; = pks £1025): 12)41 20); = 4.73E8 
4 0.00107 
_ 0.031 _ 0.031 


C4, friction = Rell? a (4.73E8)7 = 0.00179 





1.2255 
2 





Finally, (0.8)( ) Apize (13.4 — 4.12)? cos 25° = (0.00179)~)2800)¢4.12)° 


Solve for Apre = 1130 m? Ans. 


P7.107 The largest flag in Rhode Island stands outside Herb Chambers’ auto 
dealership, on the edge of Route I-95 in Providence. The flag is 50 ft long, 30 ft wide, 
weighs 250 lbf, and takes four strong people to raise it or lower it. Using Prob. P7.40 for 
input, estimate (a) the wind speed, in mi/h, for which the flag drag is 1000 lbf; and (b) the 
flag drag when the wind is a low-end category 1 hurricane, 74 mi/h. [HINT: Providence is 
at sea level.] 


Solution: Prob. P7.40 suggests a drag coefficient Cp ~ 0.02 + 0.1(L/b), based on flag area 
Lb. Thus, for this big flag, Cp = 0.02 + 0.1(50 ft)/(30 ft) ~ 0.187. From Table A.3, sea 
level density is 1.2255 kg/m? = 0.00238 slug/ft®. Then a drag of 1000 Ibf occurs when 


0.00238 





F = 1000lbf =Cp PV? Lb = (0.187)( 5 V7 (50 ft)(30 ft) 
2 is 
Solve for V~ = 2996 V = 54.7 ft/s = 37milh Ans.(a) 
S 


(b) Convert 74 mi/h = 108.5 ft/s. Then compute the hurricane drag: 


0:00795)(108.5)?(50)(30) = 3900 bf Ans.(b) 





F= Cp £ V? Lb = (0.187) 
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P7.108 The data in Fig. P7.108 are for lift and drag of a spinning sphere from Ref. 12, 
pp. 7-20. Suppose a tennis ball (W ~ 0.56 N, D ~ 6.35 cm) is struck at sea level with 
initial velocity Vo = 30 m/s, with “topspin” (front of the ball rotating downward) of 120 rev/sec. 
If the initial height of the ball is 1.5 m, estimate the horizontal distance travelled before it 
strikes the ground. 





Fig. P7.108 
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Solution: For sea-level air, take p = 
1.225 kg/m? and yu = 1.78E-5 kg/m-s. For 
this short distance, the ball travels in nearly 
a circular arc, as shown at right. From 
Figure P7.108 we read drag and lift: 
d 
o=12027)=754 E, 
s 
@R _ 754(0.03175) 
Vv 30 
Read C, ~0.47, C, ~0.12 


0.80, 





Initially, the accelerations in the horizontal 
and vertical directions are (z up, x to left) 


drag 0.47(1.225/2)(30)" (7/4)(0.0635)° _ 














x,0 14.4 m/s” 
7 m 0.56/9.81 
í 2 2 
oe lift 9.81 0.12(1.225/2)(30) (7/4)(0.0635) x —13.5 m/s? 
, m 0.56/9.81 


The term ax serves to slow down the ball from 30 m/s, when hit, to about 24 m/s when it 

strikes the floor about 0.5 s later. The average velocity is (30 + 24)/2 = 27 m/s. The term 

az causes the ball to curve in its path, so one can estimate the radius of curvature and the 
angle of turn for which Az = 1.5 m. Then, finally, one estimates Ax as desired: 

2 2 

ee on ee 54-1.5 

R 13.5 








z 54 m; o= cos" [ ) =13.54° 
Finally, Ax, =Rsin @=(54)sin(13.54°)+12.6m_ Ans. 


A more exact numerical integration of the equations of motion (not shown here) yields 
the result Ax ~ 13.0 m at t = 0.49 s. 





P7.109 The world record for automobile mileage, 12,665 miles per gallon, was set in 2005 
by the PAC-CAR II in Fig. P7.109, built by students at the Swiss Federal Institute of Technology 
in Zurich [52]. This little car, with an empty weight of 64 lbf and a height of only 2.5 ft, traveled 
a 21-km course at 30 km/hr to set the record. It has a reported drag coefficient of 0.075 
(comparable to an airfoil), based upon a frontal area of 3 ft”. (a) What is the drag of this little car 
when on the course? (b) What horsepower is required to propel it? (c) Do a bit of research and 
explain why a value of miles per gallon is completely misleading in this particular case. 
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Fig. P7.109. The world’s best mileage, from the PAC-Car II of ETH Zurich. 


Solution: For air, assuming sea-level, take p = 0.00238 slug/ft”. Convert V = 30 km/h 
to 27.34 ft/s. (a) Then the car’s drag on the course, in lbf, is 


3 
0.00238slug f°) (97 34 1 s)2(3,t2) = 0.20 1bf Ans.(a) 





F =Cp sv A = (0.075) 
Pretty small! Probably the rolling resistance is larger than this. 
(b) The power required to overcome drag is simply 


P = FV = (0.201f)(27.34 ft/s) = 5.471 ĈI 550 =0.010hp Ans.(b) 
S 


Pretty small! Not much of an engine is required. (c) The actual propulsor for this car 
was a very small hydrogen fuel cell. Thus “miles per gallon” does not make much sense. 
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P7.110 A baseball pitcher throws a curveball with an initial velocity of 65 mi/h and a 
spin of 6500 r/min about a vertical axis. A baseball weighs 0.32 Ibf and has a diameter of 
2.9 in. Using the data of Fig. P7.108 for turbulent flow, estimate how far such a curveball 
will have deviated from its straightline path when it reaches home plate 60.5 ft away. 


Solution: For sea-level air, take p = 0.00238 slug/ft? and u = 3.72E-7 slug/ft-s. Again, 
for this short distance, the ball travels 





Fig. P7.110 


in nearly a circular arc, as shown above. However, gravity is not involved in this curved 
horizontal path. First evaluate the lift and drag: 


V, =65 mi _ 95 ft o=6500(22) -681 rad @R _ 681(2.9/24) =0.86 
h s 60 s V 95 





Fig. P7.108: Read Cp ~ 0.44, C, ~ 0.17 


The initial accelerations in the x- and y-directions are 








drag _— 0.44(0.00238/2)(95)° (z14X(2.912)? -220 ft 

a m 0.32/32.2 slug ~ 3? 
a -tL 0.17(0.00238/2)(95)° (7/4)(2.9/112)° wage ft 
YO m 0.32/32.2 T s? 


The ball is in flight about 0.5 sec, so ax causes it to slow down to about 85 ft/s, with an 
average velocity of (95 + 85)/2 ~ 90 ft/s. Then one can use these numbers to estimate R: 
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2 2 
R= Vo ONS 954 ft; O=sin! (=) =sin™! (23) = 3.63° 
lay| 8.5 R 954 


Finally, AY home piate = RC — cos 0) = 954(1 —cos3.63°) = 1.9 ft Ans. 





P7.111 A table tennis ball has a mass of 2.6 g and a diameter of 3.81 cm. It is struck 
horizontally at an initial velocity of 20 m/s while it is 50 cm above the table, as in 
Fig. P7.111. For sea-level air, what topspin (as shown), in r/min, will cause the ball to 
strike the opposite edge of the table, 4 m away? Make an analytical estimate, using 
Fig. P7.108, and account for the fact that the ball decelerates during flight. 


a a 


50 cm 





Fig. P7.111 
NOTE: The table length is 4 meters. 


Solution: For sea-level air, take p = 1.225 kg/m? and u = 1.78E-S kg/m-s. This 
problem is difficult because the ball is so light and will decelerate greatly during its trip 
across the table. For the last time, as in Prob. 7.108, for this short distance, we assume the 
ball travels in nearly a circular arc, as analyzed there. First, from the geometry of the 
table, Ax = 4 m, Az = 0.5 m, the required radius of curvature is known: 


R(-cos#)=0.5m; Rsin@=4m; solve for R = 16.25 m, 0 = 14.25° 


Then the centripetal acceleration should be estimated from R and the average velocity 
during the flight. Estimate, from Fig. P7.108, that CD ~ 0.5. Then compute 


_ drag 0.5(1.225/2)\(20} (z14)(0.0381)? _ 53 m 
S mass 0.0026 s? 
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This reduces the ball speed from 20 m/s to about 12 m/s during the 0.25-s flight. Taking 
our average velocity as (20 + 12)/2 ~ 16 m/s, we compute the vertical acceleration: 


2 
— Vas _ (16° 


_ C, (1.225/2)(16)° (7/4)(0.0381) 
SE R 16.25 


0.0026 





=15.75 Š =9.81 
S 


Solve for Cz avg ~ 0.086 


From Fig. P7.108, this value of CL (probably laminar) occurs at about @R/V ~ 0.6, 
or @= 0.6(16)/(0.0381/2) = 500 rad/s = 4800 rev/min. Ans. 





P7.112 A smooth wooden sphere (SG = 

0.65) is connected by a thin rigid rod to a 

hinge in a wind tunnel, as in Fig. P7.112. 

Air at 20°C and 1 atm flows and levitates od, L = 50 cm 
the sphere. (a) Plot the angle @ versus W 

sphere diameter d in the range 1 cm <d < U= 12 m/s 

15 cm. (b) Comment on the feasibility of ER 9 eee 
this configuration. Neglect rod drag and Fig. P7.112 
weight. 

Solution: For air, take p = 1.2 kg/m? and u = 1.8E-5 kg/m's. If rod drag is neglected 
and L > d, the balance of moments around the hinge gives: 


W pga 





È M ninge =0 = FLsin0-WLcos0, or tanĝ0=— =— "> 
F (p,2)CpV°(alA)d 
3 
Input the data: tan 0 = eee en =49.1 a with d in meters. 
(1.2/2)Cp (12) (27/4)d Cp 


We find CD from Red = pVd/u = 
(1.2)(12)d/(0.000018) = 8E5d (with d in 
meters). For d = 1 cm, Red = 8000, Fig. 
7.16b, CD = 0.5, tan = 0.982, 0 = 44.5°. 
At the other extreme, for d = 15 cm, Red = 
120000, Fig. 7.16b, CD = 0.5, tanO= 14.73, 
0=86.1°. 


(a) A complete plot is shown at right. 
(b) This is a ridiculous device for either 
velocity or diameter. 








0 0.05 0.1 0.15 


Problem 7.112: Angles vs. Diameter 
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P7.113 An auto has m = 1000 kg and a 
drag-area CDA = 0.7 mî, plus constant 
70-N rolling resistance. The car coasts 
without brakes at 90 km/h climbing a hill 
of 10 percent grade (5.71°). How far up the 
hill will the car come to a stop? 





Fig. P7.113 


Solution: For sea-level air, take p = 1.225 kg/m? and u = 1.78E-5 kg/m-s. If x denotes 
uphill, the equation of motion is 


ma Wna Re 
dt 


V, Wsi F Wai F 
V = V; tan| tan”! (w _, Wsind+F, , where V; = Wisin. 
Ve mV; CpAp/2 


For the particular data of this problem, we evaluate 


v= 9810sin5.71°+70 cae Wsin@+F. _ 9810sin5.71°+70 ~ 0.0212 
0.7(1.225/2) s mV; 1000(49.4) 


also tan! (2) =0.469 radians. So, finally, V ~ 49.4 tan[0.469 -— 0.0212t] 


Cpa 2y? , separate the variables and integrate: 








The car stops at V = 0, or tfinal = 0.469/0.0212 ~ 22.1 s. The distance to stop is computed 
by the same formula as in Prob. 7.98: 


A 2 
AX max = 5 In} 14 Vo = 1099 In} 14 í es ~266m Ans. 
PCpA Ve 1.225(0.7) 49.4 








P7.114 The deep submergence vehicle ALVIN, in the Chap. 2 opener photo, is 23 
ft long and 8.5 ft wide. It weighs about 36,000 Ibf in air and ascends (descends) in the 
seawater due to about 360 lbf of positive (negative) buoyancy. Noting that the leading 
face of the ship is quite different for ascent and descent, (a) estimate the velocity for each 
direction, in meters per minute. (b) How long does it take to ascend from its maximum 
depth of 4500 m? 


Solution: Well, nothing in Table 7.3 looks much like the top or the bottom of ALVIN. 
Let’s just estimate. When ascending, the leading face of ALVIN is cluttered and ugly 
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and approximates a blunt body, so let’s guess Cp ascent ¥ 1.0. When descending, the 
approaching water sees a smoother, if still blunt, shape, so let’s guess Cp,aescent ~ 0.7. 
ALVIN is almost rectangular in outline either way, so we take the area to be bL ~ 
(23ft)(8.5ft) = 195.5 ft’. 

For seawater, 9 = 1025 kg/m’ ~ 2.0 slug/ft*. Then 


2.0 slug / fe ) 


Descent: F = 360lbf = Cp descent ava Ax (1.0)( )V7 (195.5 ft”) 





Solve for Vye = 136 Ê = 0.41” x 25 Ans(a-1) 
S S min 
2.051 A 
Ascent: F =3601bf = Cp ascent Va Ax oné y (195.5 ft?) 


Solve for V, 


ascent 





= 1.62 Ĉ = 049” x 30 ™  Ans{a-2) 
S S min 


According to Mark Spear of the Woods Hole ALVIN Project, these estimates are about 
right. Students, however, might have quite different estimates of the (unknown) drag 
coefficients. 

(b) At 25 m/min, rising from 4500 meters takes (4500 m)/(25 m/min) = 180 min = 3 hours! 
Mark Spear told the writer he takes along a book to read during ascent and descent. 





P7.115 The Cessna Citation executive jet weighs 67 KN and has a wing area of 32 mî. 
It cruises at 10 km standard altitude with a lift coefficient of 0.21 and a drag coefficient 
of 0.015. Estimate (a) the cruise speed in mi/h; and (b) the horsepower required to 
maintain cruise velocity. 


Solution: At 10 km standard altitude (Table A-6) the air density is 0.4125 kg/m?. 
(a) The cruise speed is found by setting lift equal to weight: 


4 
o2i{ 04128 kg/m jve a 





wing 


Lift = 67000 N = C, 5 V?A 


Solve V=220 © =492 1. Ans. (a) 
S 
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(b) With speed known, the power is found from the drag: 





Power = F ja V = G 7 va] V= {oors( 24125) (2207162))(220 


=1.05 MW =1410 hp Ans. (b) 





P7.116 An airplane weighs 180 kN and has a wing area of 160 m? and a mean chord of 
4 m. The airfoil properties are given by Fig. 7.25. If the plane is designed to land at Vo = 
1.2Vstall, using a split flap set at 60°, (a) What is the proper landing speed in mi/h? 
(b) What power is required for takeoff at the same speed? 


Solution: For air at sea level, p ~ 1.225 kg/m? . From Fig. 7.24 with the flap, CL,max ~ 
1.75 at æ ~ 6°. Compute the stall velocity: 








7 2W 2(180000 N) -324 ™ 
“al A PCrmaxAp 11.225 kg/m?)(1.75)(160 m?) s 
Then Viinding = 1-2Vyu = 38.9 Z = 87 mi/h Ans. (a) 

S 
c 
C, L,max E 1.75 z 


(Viana IV stait y (1.2)° ' 


For take-off at the same speed of 38.9 m/s, we need a drag estimate. From Fig. 7.25 with a 
split flap, CD.. ~ 0.04. We don’t have a theory for induced drag with a split flap, so we just 
go along with the usual finite wing theory, Eq. (7.71). The aspect ratio is b/c = (40 m)/(4 m) 
=10. 





2 2 
Cp = Cpa + Ci oogt 0.087, 
TAR z(10) 
Egs o.osn[ 223) (38.9)° (160) = 12900 N 


Power required = FV = (12900 N)(38.9 m/s) = 501000 W = 672 hp Ans. (b) 





P7.117 The Transition® auto-car in Fig. 7.30 has a weight of 1200 Ibf, a wingspan of 
27.5 ft, and a wing area of 150 fê, with a symmetrical airfoil, Cp. = 0.02. Assume that the 
fuselage and tail section have a drag-area comparable to the Toyota Prius [21], CpA ~ 6.24 
ft. If the pusher propeller provides a thrust of 250 Ibf, how fast, in mi/h, can this car-plane 
fly at an altitude of 8200 ft? 
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Solution: From Table A.6, at 8200 ft = 2500 m, air density is 0.957 kg/m* = 0.00186 
slug/ft’. The wing has an aspect ratio AR = (27.5 ft)’/(150 ft?) = 5.04. The wing lift and 
drag coefficients are 








c= aw E eu!) 2 sn with V in Ê 
pV Ap (0.00186slug / ft )V^ (150) V sS 
2 252 
Cp wing = CDa + CL = 0.020 + EEVI -0.020 + 487E6 
SARTA mAR m(5.04) vt 


The total drag, including the fuselage, equals the propeller thrust: 


P 
F = T = 250lbf = (CpAuselage + CD,wing Ay) SV" 








= [6.24 + (0.0204 eres ysoy oss v7, 
vt 2 
or: 2501bf = (0.00580 + 0.00279 + 22 i v2 
V 


The term involving (6.51E5/V^) is small. Iterate to Vautocar = 162 ft/s = 110 mi/h Ans. 





*P7.118 Suppose the airplane of Prob. 7.116 is now fitted with all the best high-lift 
devices of Fig. 7.28. (a) What is its minimum stall speed in mi/h? (b) Estimate the 
stopping distance if the plane lands at Vo = 1.25Vstall with constant CL = 3.0 and CD = 
0.2 and the braking force is 20% of the weight on the wheels. 


Solution: For air at sea level, p= 1.225 kg/m? . From Fig. 7.28 read CL,highest ~ 4.0. 








(a) Then Verai | 2w -| 2(180000 N) 21 m 
P 


=21.4 
PCr max (1.225 kg/m*)(4.0)(160 m?) s 


Thus V, 


lan 


m mi 
a = 1-25V ran = 26.8 m = 60 T Ans. (a) 
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(b) With constant lift and drag coefficients, we can set up and solve the equation of motion: 


dV 








XF, =m dt = Firag Frrake = Cp (gva, 0.2(Weight 3 Lift) 
(180000) a -02( 1225) V’ (160) —0.2| 180000 -30{ 125) V7 (160) 
9.81 / dt 2 2 


Clean this up: = +0.00214V* — 1.962 
t 


We could integrate this twice and calculate V = 0 (stopping) at t = 21.5 s and Smax = 360 m. 
Or, since we are looking for distance, we could convert dV/dt = (1/2)d (V2 yds to obtain 


2 Smax 0 2 
#2 Z0 00’ 196% on: 2.) d= | — > 
dt 2 ds o T A, 0.00214V? ~1.962 





Solution: S : | L297 


max —_ In Qe 360m Ans. (b) 
2(0.00214) | 1.962 —0.00214(26.8) 





P7.119 A transport plane has a mass of 45,000 kg, a wing area of 160 m’, and an 
aspect ratio of 7. Assume all lift and drag due to the wing alone, with Cp.. = 0.020 and 
Cimax = 1.5. If the aircraft flies at 9,000 m standard altitude, make a plot of drag (in N) 
versus speed (from stall to 240 m/s) and determine the optimum cruise velocity 
(minimum drag per unit speed). 


Solution: From Table A.6, at 9000 m, p = 0.4661 kg/m*. First compute the stall 
velocity: 











2W 2( 45000)(9.81 N) 
stall = = = 89m/s 
PApC Limar 0.4661(160 )(1.5 ) 
Go up from there with your drag-vs-speed plot. For each speed, compute Cz, Cp, Drag: 
2 2 
Given V, C; = X ; Cp =Cp, +£} ; Drag = Cp £V? A, 
pV~A, a AR 2 


Example: V = 100 m/s, Cz = 1.187, Cp = 0.084, Drag = 31,300 N. The plot is: 


Chapter 7 e Flow Past Immersed Bodies 649 


























50000 
40000 
a 
S 30000 
3 
o 
= 20000 | 
E ae Best cruise 
a a = 
10000 4 = speed = 180 ms 
0 50 100 150 200 250 300 
Speed, m/s 








We see that any speed between 150 and 200 m/s is efficient. The actual minimum is 176 m/s. 
NOTE: Cruise speed varies with altitude and would be much lower at, say, sea-level. 





P7.120 Show that, if Eqs. (7.70) and (7.71) are valid, the maximum lift-to-drag ratio 
occurs when CD = 2CD.~. What are (L/D)max and g for a symmetric wing when AR = 
5.0 and CD., = 0.009? 


Solution: According to our lift and induced-drag approximations, Eqs. (7.70) and 
(7.71), the lift-to-drag ratio is 


LG, — Differentiate: 4 (4) =0 if Cyp=2Cp, Ans. 
D Cp Cy,,+C7 AAR) dC, \D 


For our numerical example, compute, at maximum L/D, 
AR=5, Cy, = JCp,,7AR = /(0.009)2(5) = 0.376, Cy =2C,,, = 0.018 
Therefore, L/D|max = 0.376/0.018 = 21 Ans. 


Also, CL = 0.376 = 2zsin @/{1 + 2/AR] = 2zsin @/[1 + 2/5], solve a=4.8° Ans. 
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P7.121 In gliding (unpowered) flight, lift and drag are in equilibrium with the weight. 
Show, that, with no wind, the oan sinks at an angle tan@~ drag/lift. For a sailplane with 
m= 200 kg, wing area = 12 m’, AR = 12, with an NACA 0009 airfoil, estimate (a) stall 
speed, (b) minimum gliding angle; (c) the maximum distance it can glide in still air at 
z= 1200 m. 


Lift 






Horizontal 


V Weight 


Fig. P7.121 
Solution: By the geometry of the figure, with no thrust, wind, or acceleration, 


L D 
W= =——, or: tan Ogiae 
cos sind 








D 
=— Ans. 
L 


The NACA 0009 airfoil į is shown in Fig. 7.25, with CD. ~ 0.006. From Table A-6, at z = 
1200 m, p ~ 1.09 kg/m’. Then, as in part (b) of Prob. 7.120 above, 


L L 0.476 
Ë =F} Cr SNG oM- 0.006 12) = 0.476, TH Imax = Bp ane 
at max, C,=JCp me D 2(0.006) 


Thus tan@min = 1/39.6 or Omin = 1.45° Ans. (b) 





= 39.6 


Meanwhile, from Fig. 7.25, CL,max ~ 1.3, so the stall speed at 1200 m altitude is 


Vestal = a = A) = 15.2 a Ans. (a) 
i PCLmxA \1.094.3)012) s 


With Omin = 1.45° and z = 1200 m, the craft can glide 1200/tan(1.45°) ~ 47 km Ans. 
(c). 








*P7.122 A boat of mass 2500 kg has two hydrofoils, each of chord 30 cm and span 
1.5 meters, with CL,max = 1.2 and CD. = 0.08. Its engine can deliver 130 kW to the 
water. For seawater at 20°C, estimate (a) the minimum speed for which the foils support 
the boat, and (b) the maximum speed attainable. 
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Solution: For seawater at 20°C, take p = 1025 kg/m; and 4 = 0.00107 kg/m-s. With 
two foils, total planform area is 2(0.3 m)(1.5 m) = 0.9 m2. Thus the stall speed is 


Vinin 4 =4 22900); BD = (13 knots) Ans. (a) 
ae max 1025(1. 2)(0. 9) 


Given AR = 1.5/0.3 = 5.0. At any speed during lifting operation (V > Vmin), the lift and 
drag coefficients, from Eqs. (7.70) and (7.71), are 





2W  _ 2(2500)9.81) _ 53.2. 








LO DAV? 1025(0.9)V2 V” 
2 2: 
Go aS 0.084 E2 Y 0.084 08 
ZAR (5.0) 


Power = DV = (o. 08 + 1) (2) V? (0.9)V =130 hp x 745.7 = 96900 W 


Clean up and rearrange: V*-2627V +2250 =0, 
Solve Vax = 13.5 ™=26kn Ans. (b) 
s 


Three other roots: 2 imaginary and V4 = 0.86 m/s (impossible, below stall) 





P7.123 In prewar days there was a controversy, perhaps apocryphal, about whether the 
bumblebee has a legitimate aerodynamic right to fly. The average bumblebee (Bombus 
terrestris) weighs 0.88 g, with a wing span of 1.73 cm and a wing area of 1.26 cm?. It can 
indeed fly at 10 m/s. Using fixed-wing theory, what is the lift coefficient of the bee at this 
speed? Is this reasonable for typical airfoils? 


Solution: Assume sea-level air, p = 1.225 kg/m’. Assume that the bee’s wing is a low- 
aspect-ratio airfoil and use Eqs. (7.68) and (7.72): 


2 2 i 
spe haem) pie ts 2W__2(0.88E-3)(9.81) | 


Ap 126cm PV?°A, 1.225(10} (1.2664) 





This looks unreasonable, CL —> CL,max and the bee could not fly slower than 10 m/s. 


Even if this high lift coefficient were possible, the angle of attack would be unrealistic: 


z 
C, =1.12=———, with AR =2.38, solvefor æœ=~19° (too high, >a.) 
1+2/AR’ i 





P7.124 The bumblebee can hover at zero speed by flapping its wings. Using the data of 
Prob. 7.123, devise a theory for flapping wings where the downstroke approximates a 
short flat plate normal to the flow (Table 7.3) 





and the upstroke is feathered at nearly zero drag. How many flaps per second of such a 
model wing are needed to support the bee’s weight? (Actual measurements of bees show 
a flapping rate of 194 Hz.) 


Solution: Any “theory” one comes up with might be crude. As shown in the figure, let 
the wings flap sinusoidally, between +60, that is, 9 = Oo cos Qt. Let the upstroke be 
feathered (zero force), and let the downstroke be strong enough to create a total upward 
force of 0.75 W on each wing—to compensate for zero lift during upstroke. Assume a 
short flat plate (Table 7.3), CD ~ 1.2. Then, on each strip dr of wing, the elemental drag 
force is 


d 
dF = P CpV?bar, where V= we =1rQ@, sin(Qt) 


R 
F=f EC (r Q8, sin QW?b dr = ECO DR°[sin? Ot]vg = 0.75 W 
0 

1 


Assume full flapping: 8, => and [sin? QHhave = 3 





Evaluate F=0.75(0.00088)(9.81) = <= (1.2)? (3 (0.00728)(0.00865)° 


Solve for Q ~ 2132 rad/s +27 % 340 rev/s Ans. 


This is about 75% higher than the measured value Qbee ~ 194 Hz, but it’s a crude theory! 





P7.125 In 2001, a commercial aircraft lost all power while flying at 33,000 ft over the 
open Atlantic Ocean, about 60 miles from the Azores Islands. The pilots, with admirable 
skill, put the plane into a shallow glide and successfully landed in the Azores. Assume 
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that the airplane satisfies Eqs. (7.70) and (7.71), with AR = 7, Cd. = 0.02, and a 
symmetric airfoil. Estimate its optimum glide distance with a mathematically perfect pilot. 


Solution: From Problem P7.120, the maximum lift-to-drag ratio occurs when Cd = 2Cd.. = 
2(0.02) = 0.04 in the io case. Accordingly, for maximum L/D ratio, the lift coefficient 
is CL = [Cd.2AR] (0. 0227)! = 0.663. From Prob. 7.121, the glide angle of an 
unpowered aircraft is such that tan@= drag/lift = Ca/CL. Thus, the pilots’ optimum glide is: 
_ Drag | _ 0.04 1 33000 ft 

™ 0.663 16.6 Glide distance’ 


or Glide =547000 ft~104 miles Ans. 





tan 0 


min 





P7.126 Using the data for the Transition® auto-car from Prob. P7.117, and a 
maximum lift coefficient of 1.3, estimate the distance for the vehicle to take off at a speed 
of 1.2Vsan. Note that we have to add the car-body drag to the wing drag. 


Solution: For sea-level conditions, take p = 0.00237 slug/ft*. Recall the data: Cp» = 0.02, 
Ap = 150 ft?, W = 1200 Ibf, b = 27.5 ft, AR = b?/A, = 5.04, CpA ~ 6.24 ft for the fuselage, 
and thrust T = 250 lbf. Follow the steps in Example 7.9, adding in car-body drag. 


Vstali > a = | 2 (1200) = 72.1 ftls 
CrmaxPAp  \(1.3(0.00237)(150) 


Vecte-off = Vo = 1-2Veuaq = 1.2(72.1) = 86.5 fils 








= Ci = 0.020 + a 02 + 0.0632 C? 
Cp wing Chao + 72 AR : T 765.04) 0. +0. Cr 





Find the take-off lift coefficient, the total drag, and the parameter k at take-off: 
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-22W 2(1200) 
PV? Ap  (0.00237)(86.5)?° (150) 


Cpo = 0.02 + 0.0632C?, = 0.02 + 0.0632(0.902)? = 0.0714 
0.00237 

2 
D, = kV? = 0.0201(86.5)? = 150 lbf 


oO 





CL 


O 





k = £ (Coop + CpAcar) = ( )[0.0714(150)+6.24] = 0.0201 slug / ft 


Finally, use the take-off distance S, formula derived in Example 7.9: 


Ss, = “in Ej 0200/322) (2) = (927)0.916) = 850 ft Ans. 
2k T-D, 2(0.0201) 250-150 





The manufacturer, with better data, states that the Transition® auto-car will take off and 
clear a 50-ft obstacle within a distance of 1700 ft. 





P7.127 The Chap. 7 opener photo of Yves Rossy gives the following data: thrust = 
200 Ibf, altitude = 8200 ft, and wing span = 8 ft. Further assume a wing area of 12 ft’, total 
weight of 280 Ibf, Cp. = 0.08 for the wing, and a drag area of 1.7 ft’ for Rocket Man. 
Estimate the maximum velocity possible for this condition, in mi/h. 


Solution: From Table A.6, at 8200 ft = 2500 m, air density is 0.957 kg/m? = 0.00186 
slug/ft?. The wing has an aspect ratio AR = b°/A, = (8 ft)’/(12 ft) = 5.33. The wing lift and 
drag coefficients are 











C= aM E enu ns KO, Sawaal! 
pV*A, —(0.00186slug/ fi? )V712)_ V s 
2 242 
CbD,wing = CDa + opp gpg 
a AR 1(5.33) y‘ 


The total drag, including the fuselage, equals the rocket thrust: 
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F = T = 2001f = (CpApossy + Cp,wing Ane 








200 = [1.7 + (0.0804 a yag (Ly, 
V 2 
or: 2001bf = (0.00158 + 0.000893 + ov 


The term involving (4.19E5/V‘) is very small. Iterate to Vmax = 281 ft/s = 192 mi/h Ans. 
Observers of Rocket Man in the Alps that day recorded Vmax ¥ 186 mi/h. 
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FUNDAMENTALS OF ENGINEERING EXAM PROBLEMS: Answers 


FE7.1 A smooth 12-cm-diameter sphere is immersed in a stream of 20°C water moving 
at 6 m/s. The appropriate Reynolds number of this sphere is 
(a)2.3ES (b)7.2E5 (c)2.3E6 (d)7.2E6 (e)7.2E7 


FE7.2 If, in Prob. FE7.1, the drag coefficient based on frontal area is 0.5, what is the 
drag force on the sphere? 
(a)l7N (b)51N (c)102N (d)130N (e)203N 


FE7.3 If, in Prob. FE7.1, the drag coefficient based on frontal area is 0.5, at what 
terminal velocity will an aluminum sphere (SG = 2.7) fall in still water? 
(a)2.3 m/s (b)2.9m/s (c)4.6m/s (d)6.5m/s (e)8.2 m/s 


FE7.4 For flow of sea-level standard air at 4 m/s parallel to a thin flat plate, estimate the 
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boundary-layer thickness at x = 60 cm from the leading edge: 
(a) 1.0mm (b)2.6mm (c)5.3mm (d)7.5mm (e) 20.2 mm 





FE7.5 In Prob. FE7.4, for the same flow conditions, what is the wall shear stress at 
x = 60 cm from the leading edge? 
(a) 0.053 Pa (b)0.11 Pa (c) 0.016 Pa (d)0.32 Pa (e) 0.64 Pa 


FE7.6 Wind at 20°C and 1 atm blows at 75 km/h past a flagpole 18 m high and 20 cm 
in diameter. The drag coefficient based upon frontal area is 1.15. Estimate the wind- 
induced bending moment at the base of the pole. 

(a)9.7KN-m (b)15.2kN-m (c)19.4kN-m (d)30.5kN-m (e) 61.0kN-m 


FE7.7 Consider wind at 20°C and 1 atm blowing past a chimney 30 m high and 80 cm 
in diameter. If the chimney may fracture at a base bending moment of 486 kN-m, and its 
drag coefficient based upon frontal area is 0.5, what is the approximate maximum 
allowable wind velocity to avoid fracture? 

(a) 50 mi/h (b) 75 mi/h (c) 100 mi/h (d) 125 mi/h (e) 150 mi/h 


FE7.8 A dust particle of density 2600 kg/m? , small enough to satisfy Stokes drag law, 
settles at 1.5 mm/s in air at 20°C and 1 atm. What is its approximate diameter? 
(a) 1.8 um (b)2.9um (c)44um (d)16.8 um (e)234 um 


FE7.9 An airplane has a mass of 19,550 kg, a wing span of 20 m, and an average wind 
chord of 3 m. When flying in air of density 0.5 kg/m’, its engines provide a thrust of 12 kN 
against an overall drag coefficient of 0.025. What is its approximate velocity? 

(a) 250 mi/h (b) 300 mi/h (c)350 mi/h (d) 400 mi/h e) 450 mi/h 


FE7.10 For the flight conditions of the airplane in Prob. FE7.9 above, what is its 
approximate lift coefficient? 
(a)0.1 (b)0.2 (c)0.3 (d)0.4 (e)0.5 
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COMPREHENSIVE PROBLEMS 


C7.1 Jane wants to estimate the drag coefficient of herself on her bicycle. She measures 
the projected frontal area to be 0.40 m° and the rolling resistance to be 0.80 N-s/m. Jane 
coasts down a hill with a constant 4° slope. The bike mass is 15 kg, Jane’s mass is 80 kg. 
She reaches a terminal speed of 14 m/s down the hill. Estimate the aerodynamic drag 
coefficient CD of the rider and bicycle combination. 


Solution: For air take p = 1.2 kg/m?, Let x be down the hill. Then a force balance is 
LF, =0=mgsin ¢- F, F 


lrag — * rolling? 


where Farag = Cp NA Frouing = CreV 
Solve for, and evaluate, the drag coefficient: 


_ mgsing—CreV _ 95(9.81)sin4°-0.804) i14 Ans 
(1/2) pV7A (1/2)(1.2)(14) (0.4) Í 





D 














C7.2 Air at 20°C and 1 atm flows at Vavg = 5 m/s between long, smooth parallel heat- 
exchanger plates 10 cm apart, as shown below. It is proposed to add a number of widely 
spaced 1-cm-long thin ‘interrupter’ plates to increase the heat transfer, as shown. 
Although the channel flow is turbulent, the boundary layer over the interrupter plates is 
laminar. Assume all plates are 1 m wide into the paper. Find (a) the pressure drop in Pa/m 
without the small plates present. Then find (b) the number of small plates, per meter of 
channel length, which will cause the overall pressure drop to be 10 Pa/m. 


Interrupter plates 


L=1 
5 m/s ji 


plsi. 
IIl] 


LILLI 
r 


1 
Q 
O 
N 
N 
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Solution: For air, take p = 1.2 kg/m? and u = 1.8E-5 kg/m-s. (a) For wide plates, the 
hydraulic diameter is Dh = 2h = 20 cm. The Reynolds number, friction factor, and 
pressure drop for the bare channel (no small plates) is: 

_ Vas Dh _ (1.2)X5.0)(0.2) 


Rep, = = —————~ = 66,700 (turbulent 
ae u 1.8E-5 ( ) 


Toioody smooth me 0.0 1 96 





MP hore =f-8v; 2 =(0. 0196){ 4™ mn 6. 0)? =1.47 = Ans. (a) 
h 


Each small plate (neglecting the wake effect if the plates are in line with each other) has a 
laminar Reynolds number: 


PV avg Lpiate _ (1-2X(5.0)(0.01) 








Re, = =3333 <5E5, ~. laminar 
1.8E-5 
Cp laminar 7 1328 = 1328 = 0.0230 
JRe, 3333 
Py N 
Fi piace = Cp “5 Varga sides = C. 0230)( 1 12) (5.0)? (2 x 0.01 x 1) = 0.0069 ae 


Each plate force must be supported by the channel walls. The effective pressure drop will 
be the bare wall pressure drop (assumed unchanged) plus the sum of the interrupter-plate 
forces divided by the channel cross-section area, which is given by (4 x 1 m) = 0.1 m?. 
The extra pressure drop provided by the plates, for this problem, is (10.0 — 1.47) = 8.53 Pa/m. 
Therefore we need 


AP needed = 8.53 Pa/m 
(FIA), ptae (0.0069 N/plate)/(0.1 m°) 





No.of plates = zx124 plates Ans. (b) 


This is the number of small interrupter plates needed for each meter of channel length to 
build up the pressure drop to 10.0 Pa/m. 





C7.3 A new pizza store needs a delivery car with a sign attached. The sign is 1.5 ft high 
and 5 ft long. The boss wants to mount the sign normal to the car’s motion. His 
employee, a student of fluid mechanics, suggests mounting it parallel to the motion. 
(a) Calculate the drag on the sign alone at 40 mish (58.7 ft/s) in both orientations. (b) Thie 
car has a rolling resistance of 40 lbf, a drag coefficient of 0.4, and a frontal area of 40 ft. 

Calculate the total drag of the car-sign combination at 40 mi/h. (c) Include rolling 
resistance and calculate the horsepower required in both orientations. (d) If the engine 
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delivers 10 hp for 1 hour on a gallon of gasoline, calculate the fuel efficiency in mi/gal in 
both orientations, at 40 mi/h. 





Solution: For air take p = 0.00237 slug/ft>. (a) Table 7.3, blunt plate, CD = 1.2: 
0.00237 
2 





Fomai =Cp TA = 12 ) (58.77 (1.5 x 5.0) = 37 Ibf Ans. (a—normal) 


For parallel orientation, take m = 3.76E-7 slug/ft-s. Use flat-plate theory for ReL = 
0.00237(58.7)(5.0)/(3.76E-7) = 1.85E6 = transitional—use Eq. (7.49a): 


0.031 1440 0.031 1440 
Rey’ Re, (1.85E6)" 1.85E6 


0.00237 
2 





= 0.00317 


D 





F yarallel = 0.00817 ) (58.7 (1.5x5x2 sides) x 0.19 lbf Ans. (a—parallel) 


(b) Add on the drag of the car: 





‘car 


0.00237 
Fear = CD car vA = oa 3 


) (58.7) (40) = 65.3 lbf 
(1) sign l: Total Drag = 65.3 + 36.7 ~ 102 lbf Ans. (b—normal) 
(2) sign //: Total Drag = 65.3 + 0.2 ~ 65.5 lbf Ans. (b—parallel) 


(c) Horsepower required = total force times velocity (include rolling resistance): 
(1) PL = FV = (102 + 40)(58.7) = 8330 ft-lbs/s + 550+ 15.1 hp Ans. (c—normal) 
(2) P 1 = (65.5 + 40)(58.7) = 6190 ft-lbf/s + 550 + 11.3 hp Ans. (b—parallel) 


(d) Fuel efficiency: 
(1) mpg, = [40 mi) [10 neh) (1) = 26.5 = Ans. (d—normal) 





gal /\15.1 hp ga 
(2) mpg, = (40 mi) [10 heh) : ~ 35.4 a Ans. (d—parallel) 
h gal /\11.3 hp gal 


We see that the student is correct, there are fine 25% savings with the sign parallel. 
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C7.4 Consider a simple pendulum with 
an unusual bob shape: a cup of diameter D 
whose axis is in the plane of oscillation. 
Neglect the mass and drag of the rod L. 
(a) Set up the differential equation for A(t) 
and (b) non-dimensionalize this equation. 
(c) Determine the natural frequency for 
0<1. (d)For L= 1 m, D= 1 cm, m = 50 g, 
and air at 20°C and 1 atm, and @(0) = 30°, Cup shape 
find (numerically) the time required for the Fig. C7.4 
oscillation amplitude to drop to 1°. 


Air 





Solution: (a) Let Leq = L + D/2 be the effective length of the pendulum. Sum forces in 
the direction of the motion of the bob and rearrange into the basic 2nd-order equation: 





ee PaT 2 dV, do 
X Feangential mg sin 0 Cp 2 V, 4 D m F , where V, = La dt 
or CppLe, 7D? 
Rearrange: Ë+ K’ + E sing = 0, where K = ee Ans. (a) 
m 


eq 
Note that CD ~ 0.4 when moving to the right and about 1.4 moving to the left (Table 7.3). 


(b) Now @ is already dimensionless, so define dimensionless time T = t(g/Leq)! 2 and 
substitute into the differential equation above. We obtain the dimensionless result 

2 2 
La x(%) +0=0 Ans. (b) 
dt dt 


Thus the only dimensionless parameter is K from part (a) above. 
(c) For 0 «1, the term involving K is neglected, and sin@~ @itself. We obtain 


O+ oO = 0, where a, = cf Ans. (c) 


eq 


Thus the natural frequency is (g/Leq)! 2 just as for the simple drag-free pendulum. Recall 


that Leq = L + D/2. Note again that K has a different value when moving to the right 
(CD = 0.4) or to the left (CD ~ 1.4). 


(d) For the given data, pair = 1.2 kg/m, Leq = L + D/2 = 1.05 m, and the parameter K is 


+ Cp (1.2)(1.05)z(0. D 


8(0.050) =0.099C, = 0.0396 (moving to the right) 
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=0.1385 (moving to the left) 


The differential equation from part (b) is then solved for 6(0) = 30° = z/6 radians. The 
natural frequency is (9.81/1.05)!/ = 3.06 rad/s, with a dimensionless period of 27. 
Integrate numerically, with Runge-Kutta or MatLab or Excel or whatever, until @= 1° = 
7/180 radians. The time-series results are shown in the figure below. 

We see that the pendulum is very lightly damped—drag forces are only about 1/50th 
of the weight of the bob. After ten cycles, the amplitude has only dropped to 22.7°—we 
will never get down to 1° in the lifetime of my computer. The dimensionless period is 
6.36, or only 1% greater than the simple drag-free theoretical value of 27. 


Lightly Damped Two-Way-Non-Linear Pendulum 





30 
22.7 degreed 





20 








10 








Theta, degrees 
Oo 











0 10 20 30 40 50 60 70 
Dimensionless time: t V(g/L) 





Chapter 8 - Potential Flow and Computational 
Fluid Dynamics 


8.1 Prove that the streamlines y(r, 9 in polar coordinates, from Eq. (8.10), are 
orthogonal to the potential lines g(r, @). 


Solution: The streamline slope is represented by 


dr 
rdð 


v Ob -1 


r 


streamline — vo = (It) 26/20) = ( dr ) 








rd8. 


potential line 


Since the y— slope = —1/(¢ — slope), the two sets of lines are orthogonal. Ans. 





8.2 The steady plane flow in the figure R 
has the polar velocity components vg = Or Ny 
and vr = 0. Determine the circulation T around 
the path shown. 


Solution: Start at the inside right corner, 
point A, and go around the complete path: 


A 
Fig. P8.2 


T =[f)V- ds = 0(R, — R,)+ OR, (2R) + 0(R, — Ry) + OR, (ZR; ) 
or: T=7Q(R} -R ) Ans. 





8.3 Using cartesian coordinates, show that each velocity component (u, v, w) of a 
potential flow satisfies Laplace’s equation separately if V7 $= 0. 


Solution: This is true because the order of integration may be changed in each case: 


Ob) 2 ê 
E le: V? -v (#) -2o =—(0)=0 Ans. 
xample u = a $) ae ns 





8.4 Is the function //r a legitimate velocity potential in plane polar coordinates? If so, 
what is the associated stream function y(r, 0)? 
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Solution: Evaluation of the laplacian of (//r) shows that it is not legitimate: 


v): 2 2) od? ( 5) a #0 Illegitimate Ans. 
r) roér| or\e ror r r 








P8.5 A proposed harmonic function F(x, y, z) is given by 
F = 2x + y — 4xz + fy) 
(a) If possible, find a function f(y) for which the Laplacian of F is zero. If you do indeed solve 


part (a), can your final function F serve as (b) a velocity potential, or (c) a stream function? 


Solution: Evaluate V’F and see if we can find a suitable f(y) to make it zero: 


2 2 2 

Pre Type j a 
ox oy Oz 

This equals zero if f'(y) =—-4-6y, or: f(y) = -~2y" = y? + const Ans.(a) 


Or: VF = 0 if F= 2x - 2y? - 4xz + constant 


4+ 6y + f') 





Solving for f(y) eliminated y, which is not a harmonic function. 


(b) Since V’F = 0, it can indeed be a velocity potential, although the writer does not 
think it is a realistic flow pattern. (c) Since F is three-dimensional, it cannot be a 
stream function. 





8.6 Given the plane polar coordinate velocity potential ¢ = Br’cos(260), where B is a 
constant. (a) Show that a stream function also exists. (b) Find the algebraic form of 
Wr, 9). (c) Find any stagnation points in this flow field. 


Solution: (a) First find the velocities from ø and then check continuity: 


v= oo = 2Brcos(20); Vy = 134 = —2Br sin(20), Then check 
ôr roo 
10 1 ð 1 1 
=— (r v,)+—— (vo) = —(4Br cos 20) + — (—4Br cos 20) = 4B cos 20 -4B cos 20 = 0 
r Or roo r r 


Yes, continuity is satisfied, so y exists. Ans.(a) 
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(b) Find y from its definition: 


pe ia nai: v=- Spain) 
r 00 or 
Solve y =Br* sin(20)  Ans.(b) 


(c) By checking to see where v, and vo = 0 from part (a), we find that the only stagnation 
point is at the origin of coordinates, r = 0. These functions define plane stagnation flow, 
Fig. 8.195. 





8.7 Consider a flow with constant density and viscosity. If the flow possesses a velocity 
potential as defined by Eq. (8.1), show that it exactly satisfies the full Navier-Stokes 
equation (4.38). If this is so, why do we back away from the full Navier-Stokes equation 
in solving potential flows? 


Solution: IfV=V4, the full Navier-Stokes equation is satisfied identically: 


p v =-Vp+pg+uV’°V becomes 


y2 
p P ( ¥ ) + (5 5 j = -Vp -V (pgz) + uV(V7¢), where the last term is zero. 


The viscous (final) term drops out identically for potential flow, and what remains is 


a Me JB +gz=constant (Bernoulli’s equation) 
at 2 p 


The Bernoulli relation i is an exact solution of Navier-Stokes for potential flow. We don’t 
exactly “back away,” we need also to solve y? ¢ = 0 in order to find the velocity 
potential. 
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P8.8 For the velocity distribution u = - B y, 
v=+Bx, w=0, evaluate the circulation 

about the rectangular closed curve defined by 

(x, y) = (1,1), (3,1), (3,2), and (1,2). Interpret your 
result, especially vis-a-vis the velocity potential. 


Solution: Given that T = fV*ds around the curve, 
divide the rectangle into (a, b, c, d) pieces as shown. 








r= fuas i fvas i fuas i fvas =( B)(2) + (3B)(1) + (-2B)(2)+(—B)(1) = +4B Ans. 
a b c d 


The flow is rotational. Check |curlV| = 2B = constant, so T = (2B)Aregion = (2B)(2) = 4B. 





8.9 Consider the two-dimensional flow 
u = —Ax, v = +Ay, where A is a constant. 
Evaluate the circulation I around the 
rectangular closed curve defined by (x, y) = 
(1, 1), (4, 1), (4, 3), and (1, 3). Interpret 
your result especially vis-a-vis the velocity 
potential. 





Fig. P8.9 


Solution: Given [ =J V-ds around the curve, divide the rectangle into (a, b, c, d) pieces 
as shown: 


r=f udx + vdy + udx + vdy 
a b 


c d 





zi Ax)dx + i Ay dy + i Ax dx + fe Ay)dy=0 Ans. 
1 1 1 1 


The circulation is zero because the flow is irrotational: curl V = 0, T = Í dg=0. 
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8.10 A two-dimensional Rankine half-body, 8 cm thick, is placed in a water tunnel at 
20°C. The water pressure far up-stream along the body centerline is 105 kPa. (a) What is 
the nose radius of the half-body? (b) At what tunnel flow velocity will cavitation bubbles 
begin to form on the surface of the body? 


Solution: (a) The nose radius is the distance a in Fig. 8.6, the Rankine half-body: 


thickness 8 
ga ENER O em Ans.(a) 
2m 27 


(b) At 20°C the vapor pressure of water is 2337 Pa. Maximum velocity occurs, as shown, 
on the upper surface at 0 ~ 63°, where z = 2.04a = 2.6 cm and V = 1.26U.. Write the 
Bernoulli equation between upstream and V, assuming the surface pressure is just 
vaporizing at the minimum-pressure point: 


2 2 
vap _ (1.26 
Po Uz, Pop , (1.26U,,) bays OF: 








œ 


pg 2g peg 
105000 U% ,_ 2337, (1.26U,)” 


m 
peo 0.026, Solve Uz =18,7 Ans.(b 
9790 29.81) 9790 209.81) Pate ne) 





8.11 A power-plant discharges cooling 
water through the manifold in Fig. P8.11, 
which is 55 cm in diameter and 8 m high 
and is perforated with 25,000 holes 1 cm in 
diameter. Does this manifold simulate a 
line source? If so, what is the equivalent 
source strength m? 


Solution: With that many small holes, 
equally distributed and presumably with 
equal flow rates, the manifold does indeed 
simulate a line source of strength 





Fig. P8.11 


25000 


m=- where b=8 m and Q= S Qinoe Ans. 


i=l 





8.12 Consider the flow due to a vortex of strength K at the origin. Evaluate the cir- 
culation from Eq. (8.15) about the clockwise path from (a, 0) to (2a, 0) to (2a, 37/2) to (a, 
37/2) and back to (a, 0). Interpret your result. 
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Solution: Break the path up into (1, 2, 3, 4) as shown. Then 


r= [ V-ds 
path 





Fig. P8.12 


T= fuds+ [ vpds+ J vds+ [ vgds 
D (2) G) (4) 


=04 E ~2ad0 +04 JŽ (-ad0)= Kà) K( 3z) 0 Ans. 
(2 (4) 2 2 2 





There is zero circulation about all closed paths which do not enclose the origin. 
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P8.13 Starting at the stagnation point in Fig. 8.6, the fluid acceleration along the half- 
body surface rises to a maximum and eventually drops off to zero far downstream. (a) 
Does this maximum occur at the point in Fig. 8.6 where Umax = 1.26U? (b) If not, does 
the maximum acceleration occur before or after that point? Explain. 


Solution: Since the flow is steady, the fluid acceleration along the half-body surface is 
convective, dU/dt = U(dU/ds), where s is along the surface. (a) At the point of 
maximum velocity in Fig. 8.6, dU/ds = 0, hence dU/dt = 0, so answer (a) is No. (b) A 
plot of U(x) along the surface is shown in Fig. 8.95, and we see that the slope dU/ds is 
rather small (and negative) downstream of the maximum-velocity point. Therefore 
maximum acceleration occurs before the point of maximum velocity, at about s/a ~ 0.9. 
The actual value of maximum acceleration (not asked) is approximately 

(V/U)[d(V/U/) d(s/a)] ~ 0.51. A graph (not requested) is as follows: 



























































—e V(dV/ds) Fig, P8.13 


—oO- V/U 
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8.14 A tornado may be modeled as the circulating flow shown in Fig. P8.14, with vr = 
vz = 0 and ve(r) such that 


or r<R 


09 =) @R? 





r>R 
ih 

© i 
R 


Fig. P8.14 


Determine whether this flow pattern is irrotational in either the inner or outer region. 
Using the r-momentum equation (D.5) of App. D, determine the pressure distribution p(r) 
in the tornado, assuming p = p.. as r — ©. Find the location and magnitude of the lowest 
pressure. 


Solution: The inner region is solid-body rotation, the outer region is irrotational: 


ld ld 
Inner region: ©, = ae (rv, m= p rone 2æ = constant #0 Ans. (inner) 
r rd 


Outer region: Q, = 2 (@R'Ir)= 0 (irrotational) Ans. (outer) 
rdr 


The pressure is found by integrating the eae ai equation (D-5) in the Appendix: 





dp 2 pl oR?) 
—=pv,/r, or: 
dv PY6 r. Pouter = f sy 


when r=%,p=p„, hence Pyter = Po —P@ R Ir?) Ans. (outer) 


J dr =—pa’ R*/2r? + constant 


At the match point, r = R, Douter = Pinner = Poo — po’ R?/2 
In the inner region, we integrate the radial pressure gradient and match at r = R: 
Pinner = Í £ (arf dr = pœ°r’/2+constant, match to p(R)= p, -pœ R?°/2 
7 


finally, Pinner = Po -PO R? + p@’r’/2 Ans. (inner) 
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The minimum pressure occurs at the origin, r = 0: 


Prin = Poo -pæ R? Ans. (min) 








8.15 A category-3 hurricane on the Saffir-Simpson scale (www.encyclopedia.com) has 
a maximum velocity of 130 mi/h. Let the match-point radius be R = 18 km (see Fig. P8.14). 
Assuming sea-level standard conditions at large r, (a) find the minimum pressure; (b) find 
the pressure at the match-point; and (c) show that both minimum and match-point 
pressures are independent of R. 


Solution: Convert 130 mi/h = 58.1 m/s = @R. Let p= 1.22 kg/m?, (a) From Prob. 8.14, 


Pmin = Poo ~ A@RY =101350 Pa —(1.22 kg/m*)(58.1 m/s)? = 97200 Pa Ans. (a) 


(b) Again from Prob. 8.14, the match pressure only drops half as low as the minimum 
pressure: 





Pmatch = Pen n (@RY =101350 = (58.1)? = 99300 Pa Ans. (b) 


(c) We see from above that both pmin and pmatch have R in their formulas, but only 
in conjunction with æ. That is, these pressures depend only upon Vmax, wherever it 
occurs. 





8.16 Air flows at 1.2 m/s along a flat wall when it meets a jet of air issuing from a slot 
at A. The jet volume flow is 0.4 m3/s per m of width into the paper. If the jet is 
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approximated as a line source, (a) locate the stagnation point S. (b) How far vertically 
will the jet flow extend? 





Fig. P8.16 


Solution: This is only half a source. The equivalent source strength is m = 2(0.4m°/s) / 
[2(1m)] = 0.127 m’/s. Then, as in Fig. 8.9a, the stagnation point S is at a = m/U = 
(0.127 m/s) / (1.2 m/s) = 0.106 m to the left of A. Ans. (a) The effective half-body, 
shown as a dashed line in Fig. P8.16, extends above the wall to a distance equal to za = 
m0.106) = 0.333 m. Ans.(b) 





8.17 Find the position (x, y) on the upper surface of the half-body in Fig. 8.5a for which the 
local velocity equals the uniform stream velocity. What should the pressure be at this point? 


Solution: The surface velocity and surface contour are given by Eq. (8.18): 


m-0 
sin 





2 
2 
y =U} h} + 2 +£ cos o) along the surface ~ = 
ror a 


If V = U», then alr? = -2a cos0/ r, or cos@ =—a/(2r). Combine with the surface profile 
above, and we obtain an equation for @ alone: tan @= —2(z— 9). The final solution is: 


0=113.2°; r/a=1.268; x/a=-0.500; y/a=1.166 Ans. 


Since the velocity equals U» at this point, the surface pressure p=Po. Ans. 
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8.18 Plot the streamlines and potential lines of the flow due to a line source of strength 
m at (a, 0) plus a line source 3m at (—a, 0). What is the flow pattern viewed from afar? 





Fig. P8.18 


Solution: The pattern viewed close-up is 

shown above. The pattern viewed from afar 

is at right and represents a single source of $ m 
strength 4m. Ans. 


From aie 
8.19 Plot the streamlines and potential lines of the flow due to a line source of strength 
3m at (a, 0) plus a line sink of strength —m at (—a, 0). What is the pattern viewed from afar? 


ENZ 
R 


Fig. P8.19 


Solution: The pattern viewed close-up 
is shown at upper right—there is a 
stagnation point to the left of the sink, at 
(x, y) = (2a, 0). The pattern viewed from 
afar is at right and represents a single 
source of strength +2m. Ans. 





Promafr 
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8.20 Plot the streamlines of the flow 
due to a line vortex of strength +K at (0, 
+a) plus a line vortex of strength —K at 
(0, —a). What is the pattern viewed from 
afar? 


Solution: The pattern viewed close- 
up is shown at right (see Fig. 8.176 of 
the text). The pattern viewed from afar 
represents little or nothing, since the 
two vortices cancel strengths and cause 
no flow at ©. Ans. 








P8.21 At point A in Fig. P8.21 is a clockwise line vortex y 
of strength K = 12 m’/s. At point B is a line source 
of strength m = 25 m?/s. Determine the resultant 


velocity induced by these two at point C . 





Solution: The vortex induces a velocity K/rac = (12m*/s)/4m = 3 m/s 
3 m/s vertically at point C. The source induces a velocity 

m/rgc = (25m7/s)/5m = 5 m/s down to the left at a 37° angle. 37° C 
Sum vertical and horizontal velocities from the sketch at right: 
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$u = (3m/s)cos90° — (5m/ s)cos37° =0 — 5(0.8) = -4m/s_ Ans. 
$v = (3m/s)sin90° — (5m/s)sin37° = 3 — 5(0.6) = Om/s Ans. 


The resultant induced velocity is 4 m/s to the left of point C. 





8.22 Consider inviscid stagnation flow, y = Kxy (see Fig. 8.19b), Superimposed with a 


source at the origin of strength m. Plot the resulting streamlines in the upper half plane, 


using the length scale a = (m/Ky'”. Give a physical explanation of the flow pattern. 


Solution: The sum of stagnation flow plus a line source at the origin is 
w=Kxy+m@, Define x*=x/a, y*=y/la, a =Jm/K 


UE ond fect 
Then plot —=x*y*+0, where @=tan (—) 
m x* 


The plot is below, using MATLAB, and represents stagnation flow toward a bump of 
height a. 











8.23 Find the resultant velocity vector induced at point A in Fig. P8.23 due to the 
combination of uniform stream, vortex, and line source. 
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Solution: The velocities caused by each term—stream, vortex, and sink—are shown 
below. They have to be added together vectorially to give the final result: 


V=11.3 © at 0=44.2° Z Ans. 





SINK VORTEX 
6.71 m/s 





STREAM 





8.24 Line sources of equal strength m = Ua, where U is a reference velocity, are placed at (x, y) = 
(0, a) and (0, —a). Sketch the stream and potential lines in the upper half plane. Is 


y = 0 a “wall”? If so, sketch the pressure coefficient 


— P- Po 
p 2 
3 PU 





along the wall, where po is the pressure at (0, 0). Find the minimum pressure point and indicate where 


flow separation might occur in the boundary layer. 


Solution: This problem is an “image” flow and is sketched in Fig. 8.17a of the text. Clearly y = 


0 is a “wall” where 


2Ua x 
u= 2u, en eg aa g 
yx? +a? Vx? +a? 
=2Ua/(x? +a°) 


From Bernoulli, p + pu/2 = Po, 
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2 


D a _ 
P A/D UV’ 
2 
na] Ti 
14+ (x/a) 


4 


The minimum pressure coefficient is Cp,min = —1.0 at x = a, as shown in the figure. Beyond this 
point, pressure increases (adverse gradient) and separation is possible. 





Fig. P8.24 


















x/a 
s =f ais 
Po}sible separation to the right of this li 


























8.25 Let the vortex/sink flow of Eq. 
(4.134) simulate a tornado as in Fig. 
P8.25. Suppose that the circulation about 
the tornado is T = 8500 m/s and that the 
pressure at r = 40 m is 2200 Pa less than 
the far-field pressure. Assuming inviscid 
flow at sea-level density, estimate (a) the 
appropriate sink strength —m, (b) the 
pressure at r = 15 m, and (c) the angle 2 
at which the streamlines cross the circle 
at r = 40 m (see Fig. P8.25). 


Solution: 


T 


Vo 


_T 8500 ~ 33.8 m 
2ar  27(40) s 


The given circulation yields the circumferential velocity at r = 40 m: 
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Assuming sea-level density p = 1.225 kg/m’, we use Bernoulli to find the radial velocity: 











P i2 [22 2 _ 1.225 Dek 
Po +5) =(, Ap)+4(vo+vr) Po 22004 =F [683.8 +v? | 


2 
Solve for v, 249.5 ame mw i980 Ans. (a) 
s r 40 s 


With circumferential and radial (inward) velocity known, the streamline angle 2 is 


B=tan"! (= = tan"! (23) ~55.6° Ans. (c) 
3 ; 


v 


(b) At r= 15 m, compute vr = m/r = 1980/15 = 132 m/s (unrealistically high) and 
vg =T/2ar = 8500/[22(15)] = 90 m/s (high again, there is probably a viscous 
core here). Then we use Bernoulli again to compute the pressure at r= 15 m: 


1.225 
5 [(32) +(90)’]=p,,, or p*¥p,,—15700 Pa Ans. (b) 





pt 


If we assume sea-level pressure of 101 kPa at 0, then pabsolute = 101 — 16 = 85 kPa. 





8.26 A coastal power plant takes in cooling water through a vertical perforated manifold, as in 
Fig. P8.26. The total volume flow intake is 110 m3/s. Currents of 25 cm/s flow past the manifold, 
as shown. Estimate (a) how far downstream and (b) how far normal to the paper the effects of the 
intake are felt in the ambient 8-m-deep waters. 


am 





Fig. P8.26 (identical to 5/e Fig. P4.72) 
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Solution: The sink strength m leads to the desired dimensions. The distance downstream from 
the sink is a and the distance normal to the paper is pa (see Fig. 8.6): 


3 2 
x Q _ 110m [S a 19” 
2mb 2a(8m) s 
2 
gott aA Om ae, Ans.(a) 
U, 0.25m/s 


Width = a =2(8.75m) =27.5m oneach side Ans.(b) 





8.27 Water at 20°C flows past a half-body as shown in Fig. P8.27. Measured pressures at 
points A and B are 160 kPa and 90 kPa, respectively, with uncertainties of 3 kPa each. Estimate 
the stream velocity and its uncertainty. 


Solution: Since Eq. (8.18) is for the upper surface, use it by noting that Vc = VB in the figure: 





Fig. P8.27 


2 
et Ee ale r=vi=v1(2) a conn) = 14050 





a sin(z/2) 2 an) (x/2) 





Bernoulli: p44 : V2 =160000 +0 =p, + : V2 = 900004 > (1.40502) 


Solve for U,, =10.0m/s Ans. 


The uncertainty in (pa — pp) is as high as 6000 Pa, hence the uncertainty in U% is 
+0.4 m/s. Ans. 
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8.28 Sources of equal strength m are 
placed at the four symmetric positions 
(a, a), (-a, a), (a, —a), and (—a, —a). Sketch 
the streamline and potential-line patterns. 
Do any plane “walls” appear? 





Solution: This is a double-image flow 
and creates two walls, as shown. Each 
quadrant has the same pattern: a source in a Fig. P8.28 
“corner.” Ans. 





8.29 A uniform water stream, U. = 20 m/s and p = 998 kg/m? , combines with a source at the 
origin to form a half-body. At (x, y) = (0, 1.2 m), the pressure is 12.5 kPa less than p». (a) Is this point 
outside the body? Estimate (b) the appropriate source strength m and (c) the pressure at the nose 
of the body. 


(0, 1.2m)? 
Solution: We know, from Fig. 8.5 i 
and Eq. 8.18, the point on the half-body 
surface just above “m” is at y = za/2, as 
shown, where a = m/U. The Bernoulli 
equation allows us to compute the y 
necessary source strength m from the a 4 x 
pressure at (x, y) = (0, 1.2 m): Peet on 


(0,ma/2) 





m 
Fig. P8.29 





2 
pio 998 4 998 3 (= 
=U? = t 20% = 12500 4 20% +4 
Poo + 5 Use = Poo 7 NES Pe z 0 5 


2 
Solve for m=6.0 ~~ Ans. (b) while a= 
S 


a 


= eee 


N 
Oo 


a 
U 
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The body surface is thus at y = za/2 = 0.47 m above m. Thus the point in question, y = 1.2 m above 


m, is outside the body. Ans. (a) 
At the nose SP of the body, (x, y) = a, 0), the velocity is zero, hence we predict 








8 
Poo t Pu Po t 2 (20) = Pnose t 0}, or Phose =p, +200 kPa Ans. (c) 





8.30 A tornado is simulated by a line sink m =—1000 m/s plus a line vortex K = 1600 m/s. Find the 
angle between any streamline and a radial line, and show that it is independent of both r and @. 
If this tornado forms in sea-level standard air, at what radius will the local pressure be equivalent 
to 29 inHg? 





2.00 





Solution: For sea-level air take p = 101350 Pa and p= 1.2255 kg/m’. The combined stream 
function of this flow is 


y =-Klnr-m0, with angaj e jai A 16 ig 
v, m/r m 1000 


The desired angle is 0 = tan! (1.6) = 58° Ans. 


streamline 


(b) Convert 29 in Hg = 97900 Pa. Bernoulli’s equation from far away (U.. = 0) gives 


E P U3 =101350 +0 =Preat 4 aC = 979004 — V?, solve 


2 E 2 
PAD mjs NE OO os POSTS Soye masa. Ansh) 


r r 
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Solution: The vertical distance above the 
origin is a known multiple of m and a: 


8.31 A Rankine half-body is formed as 
shown in Fig. P8.31. For the conditions 
shown, compute (a) the source strength m in 
m/s; (b) the distance a; (c) the distance h; 
and (d) the total velocity at point A. 





Fig. P8.31 


3 ma 2m _ 7m _ ma 
Yx=0 2 UN 2” 


2 
or mw13.4— and a=191m Ans. (a,b) 
S 


The distance h is found from the equation for the body streamline: 


At x=4m, na E A D solve for 0 ~ 47.8° 
Usin 7sinð cos 0 


Then 1, =4.0/cos(47.8°)=5.95m and h=rsinOdx4.41m_ Ans. (c) 


The resultant velocity at point A is then computed from Eq. (8.18): 


2 1/2 


( 2 
vas ufi + eos =7 He af” 
r t 


5.95 


1/2 
St) cos47.8°| ~8.7 Ans. @) 
5.95 s 
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P8.32 A source and sink of equal 


strength, m = 25 m?/s, are near a wall, as 


w 
B 


> 
B 
w 
B 


in Fig. P8.32. Find the resultant velocity 


induced by this pair at point A on the wall. 


Solution: To create the “wall”, we need a mirror image source-sink pair below the wall. 








Fig. P8.32 








Then we can sketch the source pair and the sink pair separately, as follows: 


si 25/5 = 5 m/s 





25/5 = 5 m/s 


25/5 = 5 m/s 





25/5 = 5 m/s 


You can see by symmetry that the new velocity normal to the wall is zero. Add up all the 


velocities to the right along the wall: 


Su = 2(5m/s)cos(37°) + 2(5m/s)cos(53°) = 10(0.8) +10(0.6) = 8 +6 = 14” Ans. 
s 





a 
B 


3 
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8.33 Sketch the streamlines, especially the body shape, due to equal line sources m at 
(0, +a) and (0, —a) plus a uniform stream U., = ma. 








m 


Fig. P8.33 


Solution: As shown, a half-body shape is formed which has a dimple at the nose. The 
stagnation point, for this special case Us = ma, is at x = —a. The half-body shape varies 
with the parameter (U..a/m). 





8.34 Consider three equally spaced line sources m placed at (x, y) = (+a, 0), (0, 0), 
and (—a, 0). Sketch the resulting streamlines and note any stagnation points. What 
would the pattern look like from afar? 





Fig. P8.34 


Solution: The pattern (symmetrical about the x-axis) is shown above. There are two 
stagnation points, at x = ta/V3 = +0.577a. Viewed from afar, the pattern would look like 
a single source of strength 3 m. 





P8.35 A uniform stream, U» = 4 m/s, approaches a Rankine oval as in Fig. 8.13, 
with a = 50 cm. (a) Find the strength m of the source-sink pair, in m’/s, which will cause 
the total length of the oval to be 250 cm. (b) What is the maximum width of this oval? 
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Solution: (a) The straightforward, but unsatisfying, way to find length is to simply use 
Eq. (8.35) for the half-length L of the oval. We are given a = 50 cm and L = 250/2 = 125 
cm. Thus 

L 2m 1/2 _ 125cm 


Egy ea m a e henge SEa 02525, 
a Upa 50cm Upa 


or: m = 2.625U„a = (2.625)\(4m/s)X(0.5m) = 5.25 mIs Ans.(a) 


oO 


m -m 
ae — Qe" o” 
More satisfying would be to make the sketch U, ee i00 


at right to show the front stagnation point, where 


er 0=4- = + a Solve m = 5.25 m? /s Ans.(a) 


(b) Once we know 2m/( Usa) = 5.25, Eq. (8.35) gives the width (2A) of the oval: 


ira Zoi ee = eye , Iteration or EES: 
a 2m/(U,,a) 5.25 


~ 2.22 


als 


Hence the oval width = 2h = 2(2.22a) = 2(2.22)(0.5m) = 2.22m = 222cm Ans.(b) 





8.36 When a line source-sink pair with m = 2 m?/s is combined with a uniform 
stream, it forms a Rankine oval whose minimum dimension is 40 cm, as shown. If a = 
15 cm, what are the stream velocity and the maximum velocity? What is the length? 
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Solution: We know h/a = 20/15, so from Eq. (8.30) we may determine the stream 
velocity: 


= 20 =cot ha =cot ais , solve for U,, 12.9 2 Ans. 
a 15 2m/(U„a) 2(2)/(0.15U,,) s 








2 L 
Then ~~ =—“___ = 1.036, —=[1+2(1.036)]/? =1.75, 2L~53cm Ans. 
U„a 12.9(0.15) a 
Finally, Vee 14 2 (U..8) =14 A =1.75, Vinay 22.5 © Ans. 
U, 1+(h/a) 1+(20/15) s 





8.37 A Rankine oval 2 m long and 1 m 
high is immersed in a stream U» = 10 m/s, 
as in Fig. P8.37. Estimate (a) the velocity 
at point A and (b) the location of point B 
where a particle approaching the stagnation 
point achieves its maximum deceleration. Fig. P8.37 





Solution: (a) With L/h = 2.0, we may evaluate Eq. (8.30) to find the source-sink 


strength: 
h h/a L f 2m)” 
—=cot| ———— | and an ae 
a 2m/(U,,a) a U,a 


converges to D 2.0 if = =0.3178 
h U,a 


1 meter 
2789 


= 0.782 m 





Meanwhile, 1 =0.6395 and £ =1.2789 thus a= 
a a 


Also compute  V,,.,/U,, =1.451, hence V,,,, =1.451(10) + 14.5 m/s. Ans. (a) 


(b) Along the x-axis, at any x < —L, the velocity toward the body nose has the form 





+, where m=0.3178U,a 
at+xX a-X 


Then a ifu, Zey | m) : 3 i z 
dt Ox a+x a-x (a+x) (a-x) 


u=U,+ 





For this value of m, the maximum deceleration occurs at x=-1.4la Ans. 
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This is quite near the nose (which is at x = —1.28a). The numerical value of the maximum 
deceleration is (du/dt) = —0.655U2 /a. 


max 





P8.38 Consider potential flow of a uniform stream in the x direction plus two equal 
sources, one at (x, y) = (0, +a) and the other at (x, y) = (0, -a). Sketch your ideas of the 
body contours that would arise if the sources were (a) very weak; and (b) very strong. 


Solution: Weak sources (m << Ua) create two approximate half-bodies, strong sources 
(m >> U,,a) create one big approximate half-body. Ans. 


ere T 


(a) Weak (b e (b) Strong 


(Sorry for the poor sketching. Au) 





8.39 For the Rankine oval of Fig. P8.37, if the fluid is water at 20°C and the pressure far 
upstream along the body centerline is 115 kPa, determine the freestream velocity U., for 
which the fluid will cavitate at point A. 


Solution: For water at 20°C take p = 998 kg/m? and Pvap = 2337 Pa. If you have solved 
Prob. P8.37, then you already know that, for the thickness ratio h/L = '4, m/Uza = 0.32, 
Umax’ U» = 1.453. Otherwise you have to work that out here. Then Bernoulli’s equation 
yields the correct velocity: 
Po U. 115000 UZ o- 2P , CASU) 7 2337 | (1.453U,,)° as 
9790  2(9.81) 





4 t 
pg 2g ~ 9790 2(9.81) pg 2g 


Solve for U, = 13.95 Ans. 
s 





8.40 Modify the Rankine oval in Fig. P8.37 so that the stream velocity and body length 
are the same but the thickness is unknown (not 1 m). The fluid is water at 30°C and the 
pressure far upstream along the body centerline is 108 kPa. Find the body thickness for 
which cavitation will occur at point A. 
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Solution: For water at 30°C, take p = 996 kg/m? and Pvap = 4242 Pa. Bernoulli’s 
equation between far upstream and point A yields 
2 2 
Po + Us + Zs Prap Umax q 
pg 2g pg 2g 
108,000 | 10° )___ 4242, [K(O)T 


996(9.81) 2(9.81) 996(9.81) 29.81) 


Zp Or: 


The unknowns are the ratio K = umax/U. and the thickness (2/), which depend upon the 
parameter (m/U.,a), which we will have to find by iteration. Trying out the answers to 
Prob. P8.37, m/U.a = 0.32, Umax = 14.5 m/s, and h = 0.5 m, we find pa = 48,000 Pa, so 
that body is too thin, not enough pressure drop. We can iterate, or use EES, and the final 
solution is: 








ae =0.891; h=0.732m; ta, =17.15™, Thickness =2h =1.465m Ans. 
o4 S 
8.41 A Kelvin oval is formed by a line- y= 
vortex pair with K = 9 m/s, a= 1m, and Vmax 
U = 10 m/s. What are the height, width, 10 m/s 
and shoulder velocity of this oval? —» os 
Solution: With reference to Fig. 8.12 and ee 
Eq. (8.41), the oval is described by 
Fig. P8.41 
2 
Gee oe ee in ee \ Sai Oa =0.9 
2 (H-a) Ua 10(1) 


Solve by iteration for H/a ~ 1.48, or 2H = oval height x 2.96m Ans. 


L 2K 1⁄2 

Similarly, E(X) =[2(0.9)-1]!? =0.894, 2L=width~1.79m Ans. 
a a 

ee ee Seige eee 


Finally, V, =104 x 25. 
H-a H+a 0.48 2.48 s 


max 


Ans. 
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P8.42 The vertical keel of a sailboat approximates a Rankine oval 125 cm long and 30 
cm thick. The boat sails in seawater in standard atmosphere at 14 knots, parallel to the keel. 
At a section 2 m below the surface, estimate the lowest pressure on the surface of the keel. 


Solution: Assume standard sea level pressure of 101,350 Pa. From Table A.3, the density of 
seawater is approximately 1025 kg/m’. At 2 meters depth, we would have 


Po = Pam + Pg Az = 101350 + (1025)(9.81)(2.0) = 101350 + 20110 = 121,500 Pa 


The length-to-width ratio of the keel is 125/30 = 4.17, which the writer intended to lie exactly 
in Table 8.1 and thus avoid extra computation. The table shows Umax/U. = 1.187 for that 
condition. Convert Ux = 14 kn x 0.51444 = 7.20 m/s. Then Umax = 1.187(7.20) = 8.55 m/s, 
where the lowest pressure will occur. Use Bernoulli’s equation at a constant (hence cancelled) 
depth: 
1025 1025 
Pa + T = 121,500 + -7 (1.20? = Piowes 1 3 Usa = Prowest 4 5 (8.55)? 
Solve Piowest = 121,500 +26,600 — 37,500 = 110,600Pa ~ 111 kPa Ans. 











8.43 Consider water at 20°C flowing past 
a l-m-diameter cylinder. What doublet 
strength in m?/s is required to simulate this 
flow? If the stream pressure is 200 kPa, use 
inviscid theory to estimate the surface 


pressure at (a) 180°; (b) 135°; and (c) 90°. Fig. P8.43 
D= 
> lm 
6 m/s 


Solution: For water at 20°C, take p = 998 kg/m? . The required doublet strength is 
3 
A=U,,a2 = (6.0 m/s)(0.5 my? 1.5 Ans. 
s 


The surface pressures are computed from Bernoulli’s equation, with Vsurface = 2U..sin 0: 
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p, + 5 2U, sind)” =p, + : U2, or: p,=200000+ (67 4 sin20) 


(a) at 180°, ps + 218000 Pa; (b)at 135°, 182000 Pa; (c) at 90°, 146000 Pa Ans. (a, b, c) 





8.44 Suppose that circulation is added to the cylinder flow of Prob. 8.43 sufficient to 
place the stagnation points at 0 = 35° and 145°. What is the required vortex strength K in 
m?/s? Compute the resulting pressure and surface velocity at (a) the stagnation points, 
and (b) the upper and lower shoulders. What will be the lift per meter of cylinder width? 


Solution: Recall that Prob. 8.43 was for water at 20°C flowing at 6 m/s past a 1-m-diameter 
cylinder, with po = 200 kPa. From Eq. (8.35), 


sin O ag = Sin(35°) = Be 5 , or: K=3.44m°/s Ans. 
d 2U„a 2(6 m/s)(0.5 m) 


(a) At the stagnation points, velocity is zero and pressure equals stagnation pressure: 





3 
ake 6 m/s)" = 218,000 Pa Ans. (a) 


Pstag = Po rai = 200,000 Pa+ 
(b) At any point on the surface, from Eq. (8.37), 


998 
2 





2 
| 2(6)sin 0 + = 


2 
` K 
Prag =218000 = Pyy +£(-20, sind +— = Pout 4 
At the upper shoulder, 0= 90°, 
998 2 
p=218000-—~(-5.12)" = 204,900 Pa Ans. (b—upper) 
At the lower shoulder, = 270°, 


p= 218000-2 18.88)? ~ 40,100 Pa Ans. (b—lower) 





8.45 If circulation K is added to the cylinder flow in Prob. 8.43, (a) for what value of K 
will the flow begin to cavitate at the surface? (b) Where on the surface will cavitation 
begin? (c) For this condition, where will the stagnation points lie? 


Solution: Recall that Prob. 8.43 was for water at 20°C flowing at 6 m/s past a 
1-m-diameter cylinder, with p.. = 200 kPa. From Table A.5, pvap = 2337 Pa. (b) Cavita- 
tion will occur at the lowest pressure point, which is at the bottom shoulder 
(9= 270°) in Fig. 8.10. Ans. (b) 
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(a) Use Bernoulli’s equation to estimate the velocity at 0 = 270° if the pressure there is pvap: 








Po = 218000 Pa= p,a 4 V2 y =2337Pa 4 


3 2 
ae [ 2)(6 m/s)sin(270°) ++ | 
2 0.5m 


Solve for: K =4.39m°/s Ans. (a) 


cavitation 


(c) The locations of the two stagnation points are given by Eq. (8.35): 


2: 
sin sag = K = _ 439 mis = 0.732, 0. 
sa 2U a  2(6 m/s)(0.5 m) 


stag 


=47° and 133° Ans. (c) 





8.46 A cylinder is formed by bolting two 


semicylindrical channels together on the ae 
inside, as shown in Fig. P8.46. There are TEN Be 
10 bolts per meter of width on each side, — 50 kPa — 
and the inside pressure is 50 kPa (gage). (ease) 


Using potential theory for the outside 
pressure, compute the tension force in each Fig. P8.46 
bolt if the fluid outside is sea-level air. 


Solution: For sea-level air take p= 1.225 kg/m?, Use Bernoulli to find surface pressure: 


1.225 
2 


ni2 al 


compute Fjown =2[ psind badd =2 | (383 —1531sin’6)sin@( m)(1 m)d@ =—1276 N 
m 
0 0 





Pot > U2, =04 (25) =p,4 = (2U,,sindy, or: p, =383-1531sin’0 


This is small potatoes compared to the force due to inside pressure: 


Fup = 2Pinsidedb = 2(50000) (1) (1) = 100000 x 


Total force per meter = 100000 — (—1276) = 101276 +20 bolts = 5060 oui Ans. 
0 
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8.47 A circular cylinder is fitted with two pressure sensors, to measure pressure at “a” 
(180°) and “b” (105°), as shown. The intent is to use this cylinder as a stream 
velocimeter. Using inviscid theory, derive a formula for calculating U.. from pa, pb, p, 
and radius a. 





Fig. P8.47 


Solution: We relate the pressures to surface velocities from Bernoulli’s equation: 





P7172 Pw 2 P : 02 1 Pa —Pb 
26 t+ UZ =P,a+— (OY =p,+—@U,,sinl05°), or: U,= =— Ans. 
Poo +5 Use = Pa t3 O =P +C ) sin105°\ 2p 
This is not a bad idea for a velocimeter, except that (1) it should be calibrated; and (2) it 
must be carefully aligned so that sensor “a” exactly faces the oncoming stream. 





8.48 Wind at U. and p. flows past a 
Quonset hut which is a half-cylinder of 
radius a and length L (Fig. P8.48). The 
internal pressure is pi. Using inviscid 
theory, derive an expression for the upward 
force on the hut due to the difference 
between pi and ps. Fig. P8.48 





Solution: The analysis is similar to Prob. 8.46 on the previous page. If po is the 
stagnation pressure at the nose (@= 180°), the surface pressure distribution is 


Ps =Po~ 2 U; =P, — © QU,, sind)” =p. ~2p Uz, sin’ 
Then the net upward force on the half-cylinder is found by integration: 


F,) =| (pj —p,)sin abd =f (p, —p, +2pU?, sin? O)sin 0 abd9, 
0 0 
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or: Fap = (Pi — Po )2ab + 5 PU: ab Ans. [where Po = Po + 2u2) 





8.49 In strong winds, the force in Prob. 8.48 above can be quite large. Suppose that a 
hole is introduced in the hut roof at point A (see Fig. P8.48) to make pi equal to the 
surface pressure pA. At what angle @ should hole A be placed to make the net force zero? 


Solution: Set F =0 in Prob. 8.48 and find the proper pressure from Bernoulli: 
=0i = 4 ate P : 2 
Fip =Oif Pi =Po -3 PU% but also Pi =Pa =Po ghana) 
Solve for sinO, =./2/3 =0.817 or 0, ~125° Ans. 


(or 55° = poor position on rear of body) 





8.50 It is desired to simulate flow past a ridge or “bump” by using a streamline above the 
flow over a cylinder, as shown in Fig. P8.50. The bump is to be a/2 high, as shown. What 
is the proper elevation A of this streamline? What is Umax on the bump compared to U»? 





Fig. P8.50 


Solution: Apply the equation of the streamline (Eq. 8.32) to 0=180° and also 90°: 


2 
w=U, sin =) at 9 =180° (the freestream) gives y =U,,h 
r 


( 2 
Then, at 0 = 90°, r=h+2, y = U„h = U„sin 90° h+- \ 
2 2 h+a/2 





Solve for h= =a Ans. (corresponds to r = 2a) 


The velocity at the hump (r = 2a, 0 = 90°) then follows from Eq. (8.33): 
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; a? 5 
Unax = Uz, sin 90°) 1+ 2 or Ue =— U, Ans. 
(2a) 4 





P8.51 A hole is placed in the front of a cylinder to measure the stream velocity of sea 
level fresh water. The measured pressure at the hole is 2840 Ibf/ft’. If the hole is misaligned 
by 12° from the stream, and misinterpreted as stagnation pressure, what is the error in 
velocity? 


Solution: Take sea level pressure as 2117 lbf/f and Pwater = 1.936 slug/ft’. If we think the 

velocity at the holes is zero (stagnation), then Bernoulli’s equation predicts 

Po ~= 2840 z = p, + ÊV? = 21174 
fi 2 


1.936 y2 ; Solve V x 273 f 
S 





In fact, though, there is a velocity at the hole, equal by theory to 2U.» sin?(12°). So the proper 
Bernoulli equation at the hole is 


1.936 1.936 





Po 4 SUZ = 21174 eu? = Phote + VŽ ie = 28404 [2U,, sin(12°)}° 
Solve for U,, ee ees 2 2 3012 
1.936 (1 —4sin? 12°) s 


Thus the misaligned estimate of 27.3 ft/s is low by about 9.2 %. Ans. 


If we solve this problem analytically, for an angle 2 of misalignment, we would find that the 
error in velocity is a function only of 2, not density or stream pressure: 


V; : 
a = 4f/1-4sin? B (always a low estimate) 





8.52 The Flettner-rotor sailboat in Fig. E8.2 has a water drag coefficient of 0.006 based 
ona wetted area of 45 ft”. If the rotor spins at 220 rev/min, find the maximum boat speed 
that can be achieved in 15 mi/h winds. Find the optimum wind angle. 


594 Solutions Manual e Fluid Mechanics, Seventh Edition 


Solution: Recall that he rotor has a diameter of 2.5 ft and is 10 ft high. Standard air 
density is 0.00238 slug/ft?. As in Ex. 8.2, estimate CL ~ 2.5 and CD ~ 0.7. If the boat speed 
is V and the wind is W, the relative velocity Vrel is shown in the figure at right. Thrust = 
drag: 


=(c +c} e °P V2 DL 


wetted > 


= Boat drag = Cat WA 











or: [(2.5)? +(0.7)7]” (ae ve 


2 (2.5) (10) = (0. 006( 45° > vas), 


or: V,.;=1.865V 
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Convert W = 15 mi/h = 22 ft/s. As shown in the figure, the angle between the wind lift and 
wind drag is tan !(CD/CL) = tan7!(0.7/2.5) = 16°. Then, by geometry, the angle 0 between 
the relative wind and the boat speed (see figure above) is O= 180 — 74 = 106°. The law of 
cosines, applied to the wind-vector triangle above, then determines the boat speed: 

W? =V?+V2,-2VV,,cos6, 


rel rel 


or: (22) = V7 +(1.865V)” —2V(1.865V) cos (106°) 


Solve for Vi, ¥ 10.4 en Ans. 
s 


For this “optimum” condition (which directs the resultant wind force along the keel or path of 
the boat), the angle between the wind and the boat direction (see figure on the previous page) is 


sing  _ sin(110°) 


B =58° Ans. 
1.865(10.4) 22 





8.53. Modify Prob. P8.52 as follows. For the same sailboat data, find the wind velocity, 
in mi/h, which will drive the boat at an optimum speed of 8 kn parallel to its keel. 


Solution: Convert 8 knots = 13.5 ft/s. Again estimate CL ~ 2.5 and CD ~ 0.7. The 
geometry is the same as in Prob. P8.52, hence Vrel still equals 1.865V = 25.2 ft/s. The law 
of cosines still holds for the velocity diagram in the figure: 

W? =V? +V}, —2VV cos 8 = (13.5)? + (25.2)? — 2(13.5)(25.2) cos(106°) = 1005 ft?/s” 


Solve for Wing =31.7 ft/s =21.6 mi/h_ Ans. 


16° Drag //Vie Rotor 





Fig. P8.52 
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8.54 The original Flettner rotor ship awas approximately 100 ft long, displaced 
800 tons, and had a wetted area of 3500 ft?. As sketched in Fig. P8.54, it had two rotors 
50 ft high and 9 ft in diameter rotating at 750 r/min, which is far outside the range of 
Fig. 8.11. The measured lift and drag coefficients for each rotor were about 10 and 4, 
respectively. If the ship is moored and subjected to a crosswind of 
25 ft/s, as in Fig. P8.54, what will the wind force parallel and normal to the ship 
centerline be? Estimate the power required to drive the rotors. 





Solution: For sea-level air take p = 0.00238 slug/ft? and u = 3.71E~7 slug/ft-s. Then 
compute the forces: 





Uce = 25 ft/s 
Lift = C, Z UZDL = 1o( Oe (25)7 (9 ft)(50 ft) x (2 rotors) ~ 6700 lbf (parallel) Ans. 


DS U OEO E As 


We don’t have any formulas in the book for the (viscous) torque of a rotating cylinder 
(you could find results in refs. 1 and 2 of Chap. 7). As a good approximation, assume 
the cylinder simulates a flat plate of length 27R =27/(4.5) = 28.3 ft. Then the shear 
stress is: 


hapter ntial Flow an 
Go CBU Pz TOPAR ORY, OR = 750 


0.00238(59)28-3) 6.4987, whence 7, «0.208 BF 
3.71E7 f° 
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(4.5) = —, and 
s’ 


Re; = 


Then Torque = tw(D L)R = 0.3087 (9)(50)(4.5) ~ 1958 ft-lbf 


hp 
ft-lbf/s 





Total power = TQ = (1 958) 75027) x x (2 rotors)+ 550 =560hp Ans. 





8.55 Assume that the Flettner rotor ship of 
Fig. P8.54 has a water-resistance coefficient 
of 0.005. How fast will the ship sail in 
seawater at 20°C in a 20 ft/s wind if the keel 
aligns itself with the resultant force on the 
rotors? [This problem involves relative Fig. P8.55 
velocities.] 





Solution: For air, take p= 0.00238 slug/ft? . For seawater, take p= 1.99 slug/ft? and 
=2.09E-S slug/ft-s. Recall D = 9 ft, L= 50 ft, 2 rotors at 750 rev/min, CL ~ 10.0, CD ~ 4.0. 
In the sketch above, the drag and lift combine along the ship’s keel. Then 


0=tan” (4) = 21.8°, so angle between V and V,,, = 90+ 0 111.8° 


Thrust F=[(10) +(4)7]!? (2.00238) V2,(9)(50)(2 rotors) 
= Drag = Cy (0/2) V7A vettea = (0.005)(1.99/2)(3500)V*, solve V,4 ¥ 1.23V 
Law of cosines: W? = V? + V2, —2VV,,, cos(9+ 90°), 


or: (20) = V* +(1.23V)’ —2V(1.23V)cos(111.8°), solve for Vipin = 10.8 oe 
s 





8.56 A proposed freestream velocimeter would use a cylinder with pressure taps at 0 = 
180° and at 150°. The pressure difference would be a measure of stream velocity U% . 
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However, the cylinder must be aligned so that one tap exactly faces the freestream. Let 
the misalignment angle be 6, that is, the two taps are at (180° + 6) and (150° + ô). Make 
a plot of the percent error in velocity measurement in the range —20° < 6 < +20° and 
comment on the idea. 


Solution: Recall from Eq. (8.34) that the surface velocity on the cylinder equals 2U.,sin@. 
Apply Bernoulli’s equation at both points, 180° and 150°, to solve for stream velocity: 


p+ 2 [2U,,sin(180° + 5)) = p, +2 [2U,sin(150°+ 5)P 


or: U, = mMm Dp 
Jsin?(150°+8)-sin?(180°+ 8) 
The error is zero when ô= 0°. Thus we can plot the percent error versus 6. When ô= 0°, 
the denominator above equals 0.5. When d= 5°, the denominator equals 0.413, giving an 


error on the low side of (0.413/0.5) — 1 =—17%! The plot below shows that this is a very 
poor idea for a velocimeter, since even a small misalignment causes a large error. 


40% 
20% 
0% 
-20% 
-40% 
-60% 














Percent Error (%) 














-15 -10 -5 0 5 10 15 
Misalignment Angle (degrees) 
Problem 8.56 





8.57 In principle, it is possible to use rotating cylinders as aircraft wings. Consider a 
cylinder 30 cm in diameter, rotating at 2400 rev/min. It is to lift a 55-kN airplane flying 
at 100 m/s. What should the cylinder length be? How much power is required to maintain 
this speed? Neglect end effects on the rotating wing. 


Solution: Assume sea-level air, p= 1.23 kg/m?. Use Fig. 8.11 for lift and drag: 


aw (0.15)[2400(2.7/60)] 


UL ~ Chaptapp, « Potentiatribd Sng Eig StdtlondR ead Gyrani®& Cp ~ 1.1 


Then Lift =55000 N= C, SUZDL = as(+2) (100)°(0.3)L, 


solve L=17m_ Ans. 


Drag = CySUZDL = a.n(23) (100)?(0.3)(17) 33600 N 


Power required = FU = (33600)(100) ~ 3.4 MW! Ans. 


The power requirements are ridiculously high. This airplane has way too much drag. 





8.58 Plot the streamlines due to a line sink 
(=m) at the origin, plus line sources (+m) at 
(a, 0) and (4a, 0). Hint: A cylinder of radius 
2a appears. 


Solution: The overall stream function is 


y= mian (242) + mean'{ 24) 
x x 


—mtan'(y/x) 








The cylinder shape, of radius 2a, is the 
streamline y =—7/2. Ans. 





P8.59 The Transition® car-plane in Fig. 7.30 lifts a maximum of 1320 lbf at sea level. 
Suppose a 1-ft-diameter rotating cylinder, 27.5 ft long, replaces the wing, satisfying Fig. 8.15. 
(a) What rotation rate, in r/min, would lift the car-plane at a take-off speed of 60 mi/h? (b) 


Estimate the drag of the cylinder at this rotation rate. Neglect end effects. 
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Solution: For sea-level air, take p = 0.00238 slug/ft’. The radius a = d/2 = 0.5 ft. 
Convert the speed 60 mi/h = 88 ft/s. (a) We have enough information to evaluate the lift 
coefficient of the cylinder, defined by Eq. (8.44): 


2(ift) 2(13201bf) 
pV" (2ba) — (0.00238)(88)7[2(27.5)(0.5)] 





C = 5.21 


From Fig. 8.15, the writer finds this lift coefficient at about (a@)/U» ~ 2.5. Thus 


BO eyga COTO, sive = aig ye aE Ane) 
U» (88 ft/s) sS 27 min 


(b) Go back to Fig. 8.15 at the same (a@)/U., ~ 2.5, using the right-side scale for drag, 
and read Cp x 0.5. Then the drag is 


Drag = Dis Py (2ba) = (0. 588)" [2(27.5)(0.5)] ~ 127 lbf — Ans.(b) 


This cylinder-plane might fly! Its drag is relatively small. The actual car-plane in Fig. 
7.30 has a propeller that develops a thrust on the order of 250 lbf. However, the 
Reynolds number in Fig. 8.15 is only 3800, while this car-plane cylinder has Rep 
550,000. The drag will vary. 





8.60 One of the corner-flow patterns of Fig. 8.18 is given by the cartesian stream 
function y= A(Gyx2 - y3). Which one? Can this correspondence be proven from 
Eq. (8.49)? 


Solution: This y is Fig. 8.18a, flow in a 60° corner. [Its velocity potential was given 
earlier Eq. (8.49) of the text.] The trigonometric form (Eq. 8.49 for n = 3) is 


y = Ar’sin(30), but sin(30)=3sin cos? 0-sin? 0. 


Introducing y=rsin@ and x=rcos6, weobtain wy =A(3yx?-y°) Ans. 
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8.61 Plot the streamlines of Eq. (8.53) in the upper right quadrant for n = 4. How does 
the velocity increase with x outward along the x axis from the origin? For what corner 
angle and value of n would this increase be linear in x? For what corner angle and n 
would the increase be as x°? 


























Solution: Forn=4 4, pute 
1.5 
1.0 
0.5 
0.0 
0.0 0.5 1.0 1.5 2.0 
Fig. P8.61 


n=4: w=Ar'sin(40), v,= 1 aK cos(40) 
r 00 


Along the x-axis, 0=0,r=x,v,=u= (const)x? Ans. (a) 
Tn general, for any n, the flow along the x-axis is u=(const)x"’. Thus u is linear in x for n = 2 
(a 90° corner). Ans. (b). And u = Cx ifn =6 (a 30° comer). Ans. (c) 





8.62 Combine stagnation flow, Fig. 8.14b, with a source at the origin: 
f(z) = Az’ +mIn(z) 


Plot the streamlines for m = AL’, where L is a length scale. Interpret. 
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Solution: The imaginary part of this complex potential is the stream function: 


ZN 


u 


Fig. P8.62 





y =2Axy+mtan! (2) , with m=AL 
x 


The streamlines are shown on the figure above. The source pushes the oncoming 
stagnation flow away from the vicinity of the origin. There is a stagnation point above the 
source, at (x, y) = (0, L/V2). Thus we have “stagnation flow near a bump.” Ans. 





8.63 The superposition in Prob. 8.62 above leads to stagnation flow near a curved 
bump, in contrast to the flat wall of Fig. 8.155. Determine the maximum height H of the 
bump as a function of the constants A and m. 


Solution: The bump crest is a stagnation point: 


Voump orest = -2AH + a =0 whence Hyump = B Ans. 





P8.64 Consider the polar-coordinate stream function y = B r"? sin(1.2 ©, with B 
equal, for convenience, to 1.0 ft°*/s. (a) Plot the streamline y = 0 in the upper half 
plane. (b) Plot the streamline y = 1.0 and interpret the flow pattern. (c) Find the locus 
of points above y = 0 for which the resultant velocity = 1.2 ft/s. 


Solution: (a) We find that y = 0 along the two radial lines 9 = 0° and 8 = 150°. (b) We 
can plot the line y = 1.0 = (1.0) r'” sin(1.2 & by, for example, setting @ equal to a range 
of values and solving for r, whence x =r cos@ and y=rsin@. The plot is as follows: 
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We interpret this pattern as potential flow around a 150° corner. Ans.(a, b) 
(c) Evaluate the velocity components and find the resultant: 


pene Sion noes eel! Sone eae) 
r 00 or 


r 


0.8 
V= Jv? v? = 12B? =1210% r? =12% if r=10ft Ans(c 
r 0 ( x ) x (c) 


The velocity equals 1.2 ft/s on a circle of unit radius about the corner (the origin). 





8.65 Potential flow past a wedge of half- 
angle @ leads to an important application of 
laminar-boundary-layer theory called the 
Falkner-Skan flows (Ref. 15 of Chap. 8, 
pp. 242-247]. Let x denote distance along 
the wedge wall, as in Fig. P8.65, and let 
0 =10°. Use Eq. (8.49) to find the 
variation of surface velocity U(x) along the Fig. P8.65 
wall. Is the pressure gradient adverse or 

favorable? 





Solution: As discussed above, all wedge flows are “corner flows” and have a velocity 
along the wall of the form u= (const)x"", where n = z/(turning angle). In this case, the 
turning angle is J = (7—@), where 0= 10° = z/18. Hence the proper value of n here is: 


t a hence U=Cx"! =Cx"”” (favorable gradient) Ans. 
m-zl8 17 


= 





2 
B 


604 Solutions Manual e Fluid Mechanics, Seventh Edition 





8.66 The inviscid velocity along the wedge in Prob. 8.65 has the form U(x) = Cx™, 
where m = n — 1 and n is the exponent in Eq. (8.49). Show that, for any C and n, 
computation of the laminar boundary-layer by Thwaites’ method, Eqs. (7.53) and (7.54), 
leads to a unique value of the Thwaites parameter 4. Thus wedge flows are called similar 
[Ref. 15 of Chap. 8, p. 244]. 


Solution: The momentum thickness is computed by Eq. (7.54), assuming & = 0: 


x x l-m 
a s Í U dx= oY. Í cC5x™ dx LVAN Then use Eq. (7.53): 


0 
oom C(5m +1) 








0 


_# aU 1 0.45x"™ ) (mcx™ t) = 245m 


A = 
C(5m+1) 5m+1 


(independent of C) Ans. 
v dx 





8.67 Investigate the complex potential function f(z) = U.(z +a/z), where a is a 
constant, and interpret the flow pattern. 


l J 


medge mege menee = eene af o o o 


Fig. P8.67 


=e 
r 


Solution: This represents flow past a circular cylinder of radius a, with stream 
function and velocity potential identical to the expressions in Eqs. (8.31) and (8.32) with 
K = 0. [There is no circulation. ] 
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8.68 Investigate the complex potential function f(z) = U.z + m In[(z + a)/(z — a)], where 
m and a are constants, and interpret the flow pattern. 





Fig. P8.68 


Solution: 
that given by Eq. (8.29). 


This represents flow past a Rankine oval, with stream function identical to 





8.69 Investigate the complex potential 
function f(z) = A cosh(zz/a), where a is a 
constant, and plot the streamlines inside 
the region shown in Fig. P8.69. What 
hyphenated French word might describe 
this flow pattern? 


Solution: This potential splits into 


y = Asinh (2x/a)sin(zy/a) 
= Acosh(zx/a)cos(zry/a) 


and represents flow in a “cul-de-sac” or 
blind alley. 


y=a  (w=0) 
Fig. irene 
P8.69 y Plot the streamlines 
inside this region 
EO es 


Y | Pattern repeats for a<y<2a, 2a<y<3a,etc. 
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8.70 Show that the complex potential f(z) = U..[z + (a/4) coth(zz/a)] represents flow 
past an oval shape placed midway between two parallel walls y = +a/2. What is a 


practical application? : f 
SS 











Fig. P8.70 


Solution: The stream function of this flow is 


yee | (a/4)sin (27y/a) | 
cosh(27x/a)— cos(27y/a) 





The streamlines are shown in the figure. The body shape, trapped between y = +a/2, 
is nearly a cylinder, with width a/2 and height 0.5la. A nice application is the 
estimate of wall “blockage” effects when a body (say, in a wind tunnel) is trapped 
between walls. 





8.71 Figure P8.71 shows the streamlines and potential lines of flow over a thin-plate 
weir as computed by the complex potential method. Compare qualitatively with 
Fig. 10.16a. State the proper boundary conditions at all boundaries. The velocity potential 
has equally spaced values. Why do the flow-net “squares” become smaller in the 
overflow jet? 
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Fig. P8.71 
Solution: Solve Laplace’s equation for 
either y or ¢ (or both), find the velocities 
u = OW, v = OWG, force the (constant) 
pressure to match Bernoulli’s equation on $= const 
the free surfaces (whose shape is a priori ðylðy = U 

£ ~~ 
unknown). The squares become smaller in 


the overfall jet because the velocity is 
increasing. 


V7/2 + gz = const 


w= const, o¢/on = 0 





8.72 Use the method of images to construct the flow pattern for a source +m near two 
walls, as in Fig. P8.72. 


Sketch the velocity distribution along the lower wall (y = 0). Is there any danger of flow 
separation along this wall? 


Solution: This pattern is the same as that of Prob. 8.28. It is created by placing four 
identical sources at (x, y) = (+a, +a), as shown. Along the wall (x = 0, y = 0), the 
velocity first increases from 0 to a maximum at x = a. Then the velocity decreases for 
x > a, which is an adverse pressure gradient—separation may occur. Ans. 
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8.73 Set up an image system to compute 
the flow of a source at unequal distances 
from two walls, as shown in Fig. P8.73. 
Find the point of maximum velocity on the 
y-axis. 





Solution: Similar to Prob. 8.72 on the pre- 
vious page, we place identical sources (+m) 
at the symmetric (but non-square) positions 
(x, y) = (#2a, +a) as shown below. The induced velocity along the wall (x > 0, y = 0) has 
the form 


Fig. P8.73 


2m(x + 2a) 2m(x — 2a) 
eS oe 08 tee 
(x+2a)'+a° (x-2a)° +a 
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@---- 
' 
1 
' 
' 
' 
' 
o 
3 


m 


This velocity has a maximum (to the right) at x % 2.93a, U ~ 1.387 m/a. Ans. 





8.74 A positive line vortex K is trapped in a corner, as in Fig. P8.74. Compute the total 
induced velocity at point B, (x, y) = (2a, a), and compare with the induced velocity when 
no walls are present. 





Fig. P8.74 
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Solution: The two walls are created 
by placing vortices, as shown at right, at 
(x, y) = (ta, +2a). With only one vortex 
(#a), the induced velocity Va would be 


K K K 
V,=—i+—j, or —~ at45°(L 
2a 2a av2 


as shown at right. With the walls, however, 
we have to add this vectorially to the 
velocities induced by vortices b, c, and d. 











With walls: V= V,pca se 1 eK or ai 
bed => a\2 10 6 10 





2 10 6 10 
or: va =0.533Śi+0.267Ś j=% i45 j Ans. 
a a 15a 15a 


The presence of the walls thus causes a significant change in the magnitude and direction 
of the induced velocity at point B. 





8.75 Using the four-source image pattern 
needed to construct the flow near a corner 
shown in Fig. P8.72, find the value of the 
source strength m which will induce a wall 
velocity of 4.0 m/s at the point (x, y) = (a, 0) 
just below the source shown, if a = 50 cm. 


Solution: The flow pattern is formed by 
four equal sources m in the 4 quadrants, as 
in the figure at right. The sources above 
and below the point A(a, 0) cancel each 
other at A, so the velocity at A is caused 
only by the two left sources. The velocity 





at A is the sum of the two horizontal Fig. P8.75 
components from these 2 sources: 


2 
e SEE M fm=25 © Ans: 


V,=2——" ee =4 
| [Pta P+R} 5a” 5(0.5m) s s 
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8.76 Use the method of images to D 

approximate the flow past a cylinder at ai 
distance 4a from the wall, as in Fig. P8.76. 4a 
To illustrate the effect of the wall, compute $ L 
the velocities at points A, B, C, and D, Un © ae 
comparing with a cylinder flow in an af 


infinite expanse of fluid (without walls). 





Solution: Let doublet #1 be above the wall, as shown, and let image doublet #2 be 
below the wall, at (x, y) = (0, —5a). Then, at any point on the y-axis, the total velocity is 





Va-0 = ~Volooe= Unel1 + (alr, + (alr) ] 


Since the images are 10a apart, the cylinders are only slightly out-of-round and the 
velocities at A, B, C, D may be tabulated as follows: 


Point: A B C D 

ri: a a Sa Sa 

r2: 9a lla Sa 15a 
Vwalls: 2.012U~ 2.008U~ 1.080U. 1.044U.. 
Vno walls: 2.0Ux 2.0Ux 1.04U., 1.04U., 


The presence of the walls causes only a slight change in the velocity pattern. 





8.77 Discuss how the flow pattern of 
Prob. 8.58 might be interpreted to be an 


image-system construction for circular +m 
walls. Why are there two images instead 

of one? 

Solution: The missing “image sink” in (om) 
this problem is at y = +% so is not shown. 

If the source is placed at y =a and the De. 
image source at y =b, the radius of the 


cylinder will be R=,(ab). For further 
details about this type of imaging, see 
Chap. 8, Ref. 3, p. 230. 


Fig. P8.77 
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8.78 Indicate the system of images 
needed to construct the flow of a uniform 
stream past a Rankine half-body centered 
between parallel walls, as in Fig. P8.78. 
For the particular dimensions shown, 
estimate the position / of the nose of the 
resulting half-body. 


Solution: A body between two walls is 
created by an infinite array of sources, as 
shown at right. The source strength m fits 
the half-body size “2a”: 


Q=U(2a)=27m, or: m=Ua/z 


The distance ¢ to the nose denotes the 
stagnation point, where 





m 2 2 
U= 14 } puss 
L | 1+(4a/L) 1+(8a/L)’ | 


where m = Ua/z, as shown. We solve this 
series summation for £~0.325a. Ans. 








—_ om 

-pie m 

_ Lem ‘a 
2 





8.79 Indicate the system of images 
needed to simulate the flow of a line 
source placed unsymmetrically between 
two parallel walls, as in Fig. P8.79. 
Compute the velocity on the lower wall at 
x = +a. How many images are needed to 
establish this velocity to within +1%? 





Fig. P8.79 


Solution: To form a wall at y =0 and also at y =3a, with the source located at (0, a), 
one needs an infinite number of pairs of sources, as shown. The velocity at (a, 0) is an 
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infinite sum: 





P41 5741 741 1741 





wol + l + l + l + l za 
a 


Accuracy within 1% is reached after 18 terms: u(a, 0) ~ 1.18 m/a. Ans. 





8.80 The beautiful expression for lift of a two-dimensional airfoil, Eq. (8.69), arose from 
applying the Joukowski transformation, ¢ =z+a°/z, where z=x =+iy and ¢= 7 + if. The 
constant a is a length scale. The theory transforms a certain circle in the z plane into an 
airfoil in the ¢ plane. Taking a = 1| unit for convenience, show that (a) a circle with center 
at the origin and radius >1 will become an ellipse in the ¢ plane, and (b) a circle with 
center at x =—e<<-—1,y=0, and radius (1+€£) will become an airfoil shape in the ¢ 
plane. Hint: Excel is excellent for solving this problem. 


Solution: Introduce z = x + iy into the transformation and find real and imaginary parts: 


, 1 x-i 1 : 1 ; 
6 =(x+iy)4 : | b)i 5 zeai z z|-nvip 
xt+iy\x-iy x+y x+y 


Thus 7 and £ are simple functions of x and y, as shown. Thus, if the circle in the z plane 
has radius C > 1, the coordinates in the ¢ plane will be 


n=x(1+ 4] p=s(1-4) 


The circle in the z plane will transiri into an ellipse in the ¢ plane of major axis 
d+ 1/c2 ) and minor axis (1 — 1/C? ). This is shown on the next page for C = 1.1. If the 
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circle center is at (—£,0) and radius C=1+<e, an airfoil will form, because a sharp 
(trailing) edge will form on the right and a fat (elliptical) leading edge will form on the 
left. This is also shown below for €= 0.1. 
































—— Circle 
=< Airfoil 











*8.81 Given an airplane of weight W, wing area A, aspect ratio AR, and flying at an 
altitude where the density is p. Assume all drag and lift is due to the wing, which has an 
infinite-span drag coefficient Cp.. Further assume sufficient thrust to balance whatever 
drag is calculated. (a) Find an algebraic expression for the best cruise velocity Vp, which 
occurs when the ratio of drag to speed is a minimum. (b) Apply your formula to the data 
in Prob. P7.119, for which a laborious graphing procedure gave an answer V, ~ 180 m/s. 


Solution: The drag force, for a finite aspect ratio, is given by 








2 
DaCe NL and C= a 
a AR 2 PVA 


4w? 


` K 
Combine these: 2 an A(Cp,V +—) where K =—,-,—— 
V 2 y pAr AR 
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(a) Differentiate this to find the minimum of (D/V), or best cruise velocity: 
MD) es 2 V- y =- (BK yu -( : 
dV Cias PA Cpa 


(b) In Prob. P7.119, the data were m = 45000 kg, A = 160 m , AR = 7, Cpe = 0.020, and 
the density (at standard 9000-m altitude) was 0.4661 kg/m°. Calculate W = 441,450 N 
and apply your new formula: 


T Ans. (a) 





12 W? y4- 12(441450 N)? p 
PA Cpa tAR (0.4661kg / mY (160m (0.02)2(7) 





V, =( =176 a Ans.(b) 





8.82 The ultralight plane Gossamer Condor in 1977 was the first to complete the 
Kremer Prize figure-eight course solely under human power. Its wingspan was 29 m, 
with Cav = 2.3 m and a total mass of 95 kg. Its drag coefficient was approximately 0.05. 
The pilot was able to deliver 1/4 horsepower to propel the plane. Assuming two- 
dimensional flow at sea level, estimate (a) the cruise speed attained, (b) the lift coef- 
ficient; and (c) the horsepower required to achieve a speed of 15 knots. 


Solution: For sea-level air, take p= 1.225 kg/m?. With CD known, we may compute V: 
Power = FijggV = = np(745.1) =186 W= [o£ P voc |v 
= 0. os( 1225 225) V?(29)(2.3V = 186; 
Solve V?=91.3 or V=45 = Ans. (a) 


Then, with V known, we may compute the lift coefficient from the known weight: 


weight _ 95(9.81) N 
(p12V7bC  (1.225/2)(4.5)" (29)(2.3) 





cs =1.13 Ans. (b) 
Finally, compute the power if V= 15 knots = 7.72 m/s: 
P y2 1.225 
P=FV= rs V°bC|V =0.05 (7.72) (29)(2.3)(7.72) 


=940 W=1.26 hp Ans. (c) 
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P8.83 The Boeing 747-8 aircraft has a gross weight of 975,000 lbf, wing area of 5500 
fê, wingspan of 224.75 ft, and Cpo = 0.022. When cruising at 35,000 ft standard altitude, 
the four engines each provide 13,500 lbf of thrust. Assuming that all lift and drag are due 
to the wing, estimate the cruise velocity, in mi/h. 


Solution: From Table A.6, at 35,000 ft = 10,668 m, p = 0.3793 kg/m? = 0.000736 
slug/ft’. Calculate the wing aspect ratio: AR = DIA, = (224.75) (5500) = 9.18. We 
know the aircraft weight (= lift) and the available thrust (= drag). Thrust is 4(13,500) = 
54,000 lbf. Therefore 








6 2(weight) _ 2(975,000) _ 481,700 
E pV?A, — (0.000736)V? (5500) y? 
2 2\2 
Cy = Cop 4 Ci yg 97 4 481700/V7)" _ 2(drag) T AERO 
m AR z(9.18) pV A,  (0.000736)V* (5500) 


The unknown is velocity V, awkwardly in both equations. We can either iterate or use 
EES. Actually, the equations are extremely sensitive — a large change in V, say, from 700 
to 900 ft/s, only causes a slight change in aircraft drag. So guess V around 550 mi/h, 


which is what we know about the average speed of the Boeing 747. 
The final result is V = 806 ft/s = 550 mi/h. Ans. 
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8.84 Reference 12 contains inviscid theory calculations for the surface velocity 
distributions V(x) over an airfoil, where x is the chordwise coordinate. A typical result for 
small angle of attack is shown below. Use these data, plus Bernoulli’s equation, to 
estimate (a) the lift coefficient; and (b) the angle of attack if the airfoil is symmetric. 


x/c V/U. (upper) VIU» (lower) 
0.0 0.0 0.0 
0.025 0.97 0.82 
0.05 1.23 0.98 
0.1 1.28 1.05 
0.2 1.29 1.13 
0.3 1.29 1.16 
0.4 1.24 1.16 
0.6 1.14 1.08 
0.8 0.99 0.95 
1.0 0.82 0.82 


Solution: From Bernoulli’s equation, the surface pressures may be computed, whence 
the lift coefficient then follows from an integral of the pressure difference: 





Surface: P=po tS (U2-v’), L= (rower — Pupper b dx = js aN 2 r Viewer bdr 
Non-dimensionalize: C, = Go a =| [ov - -vo Jal ž) 


Thus the lift coefficient is an integral of the difference in (v/uy? on the airfoil. Such a 
plot is shown below. The area between the curves is approximately 


1 

Í A(V/U) &C, ~0.21_ Ans. (a); a@=sin™ (e2) =1.9° Ans. (b) 
T 

0 





(WPup? 
1.6 








1.4 4 








1.2 
































o 0.2 0.4 x/C 0.6 0.8 1 


Fig. P8.84 
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8.85 A wing of 2 percent camber, 5-in chord, and 30-in span is tested at a certain angle 
of attack in a wind tunnel with sea-level standard air at 200 ft/s and is found to have lift 
of 30 Ibf and drag of 1.5 lbf. Estimate from wing theory (a) the angle of attack, (b) the 
minimum drag of the wing and the angle of attack at which it occurs, and (c) the 
maximum lift-to-drag ratio. 


Solution: For sea-level air take p = 0.00238 slug/ft?, Establish the lift coefficient first: 


a ae 2(30 Ibf) E 605 = 27 sinla + tan '(0.04)] 
pV’bC 0.00238(200)°(30/12)(5/12) 1+2/(6.0) 





CL 


Solve for @5.1° Ans. (a) 
Find the induced drag and thence the minimum drag (when lift = zero): 


E C (0.605) 
Cp = = =0.0303 = Cpo +—— = Cpa + 
P- 20 De AR a60) 





, Solve for Cp,, = 0.0108 


5 
12 





Then Dyin =Cp. 2V2bC= 0.0108{ ©0228 \-200)" (FI } ~0.54 Ibf Ans. (b) 


Finally, the maximum L/D ratio occurs when CD = 2CDz , or: 


L 
C (a max L) = J7ARCy,, = /7(6)(0.0108) = 0.451, 


whence (L/D),,,. = zoal =21 Ans. (c) 
2(0.0108) 





8.86 An airplane has a mass of 20,000 kg and flies at 175 m/s at 5000-m standard 
altitude. Its rectangular wing has a 3-m chord and a symmetric airfoil at 2.5° angle of 
attack. Estimate (a) the wing span; (b) the aspect ratio; and (c) the induced drag. 


Solution: For air at 5000-m altitude, take p = 0.736 kg/m’. We know W, find b: 


2msin2.5° (228 


2 
1+2(3/b) k 2 Jars) nee 


Rearrange to b? — 21.2b - 127= 0, or bx26.1m = Ans. (a) 


L = W = 20000(9.81) = CLE VC = 


Aspect ratio AR = b/C = 26.1/3.0 ~ 8.7 Ans. (b) 


With aspect ratio known, we can solve for lift and induced-drag coefficients: 
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t o 2 2 
a 2m sin2.5° _ 0.223, Cy = Cc. = (0.223) 


= = 0.00182 
1428.7 ZAR 2(8.7) 








Induced drag = (0.00182)(0.736/2)(175)7(26.1)(3) ~ 1600 N Ans. (c) 





8.87 A freshwater boat of mass 400 kg is supported by a rectangular hydrofoil of aspect 
ratio 8, 2% camber, and 12% thickness. If the boat travels at 7 m/s and @ = 2.5°, 
estimate (a) the chord length; (b) the power required if CD.. = 0.01, and (c) the top 
speed if the boat is refitted with an engine which delivers 20 hp to the water. 


Solution: For fresh water take p = 998 kg/m’. (a) Use Eq. (8.82) to estimate the chord 
length: 


25 
2nsin| 2 + 20.02 
rsin 5x losim 





Lift = c.f V?bC = ja m/s}? (8C)C, 


1+2/8 
= (400 kg)(9.81 m/s”) 
Solve for C? =0.0478 m? or C#0.219m Ans. (a) 


(b) At 7 m/s, the power required depends upon the drag, with CL = 0.420 from part (a): 





2 2 
Cp =Cp, +2 = 0.014 C420- 0.0170 
m(AR) z(8) 
F =Cp£V’bC = (0.0170) 28k kgm’ | a m/s)?(8 x 0.219 m)(0.219 m) =159 N 


Power = FV = (159 N)(7 m/s)=1120 W=1.5 hp Ans. (b) 


(c) Set up the power equation again with velocity unknown: 


( 2 , Atos 
Power=FV =| | Con + }(2 2\ rec |v, c, = Wield _ 2xsina— an) 
a(AR) pVv?bC 1+2/(AR) 





Enter the data: CD. = 0.01, C= 0.219 m, b= 1. a m, AR = 8, Weight = 3924 N, Power = 
20 hp = 14914 W, @ZL =-2.29°, p= 998 kg/m?, Iterate (or use EES) to find the results: 


C,, = 0.0526, Cp =0.0101, a=—1.69°, V,,,, = 19.8 m/s = 44 mi/h Ans. (c) 


Van 
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P8.88 The Transition® car-plane in Fig. 7.30 has a gross weight of 1320 lbf, a wingspan of 
27.5 ft, and a wing area of 150 ft”. Assume that the wing uses an NACA 2412 airfoil. Estimate 
the angle of attack of this car-plane when cruising at 115 mi/h at a standard altitude of 8200 ft. 


Solution: At 8200 ft = 2500 m, take p,= 0.957 kg/m? = 0.00186 slug/ft’. The aspect ratio is 
AR = b°IA, = (27.5)/150 = 5.04. Convert V= 115 mi/h = 169 ft/s. The lift coefficient is 


2W B 2(1320) _ 
pV?°A,  (0.00186)(169)?° (150) 
From Table 8.3 for an NACA 2412 airfoil, æzų = - 2.1°. Use Eq. (8.82) to find a: 


Cr = 331 





C,, = 0.331 = 2msin(a-az, )/[1+ 2/AR] = 2msin(a+2.1°)/[1+ 2/5.04]; Solve a= 2.1° Ans. 





8.89 The Beechcraft T-34C airplane has a gross weight of 5500 Ibf, a wing area of 
60 fê, and cruises at 322 mi/h at 10000 feet standard altitude. It is driven by a propeller 
which delivers 300 hp to the air. Assume that the airfoil is the NACA 2412 section from 
Figs. 8.24 and 8.25 and neglect all drag except the wing. What is the appropriate aspect 
ratio for this wing? 


Solution: At 10000 ft = 3048 m, p ~ 0.00176 slug/ft?, Convert 322 mi/h = 472 ft/s. 
From the weight and power we can compute the lift and drag coefficients: 








c- W- 2(5500) E O Co 
L PNPA 0.00176(472} (60) ` 1+2/AR 
Power = 300 hp x 550 = 165000 $E 
S 
0.00176 
=Co[ = 4727 60,472), or Cp ~ 0.0297 


With CL & CD known at AR = © from Figs. 8.24 and 8.25, we can compute AR. From 
Table 8.3, azz for the 2412 airfoil is —2.1°. The unknowns are a and AR: 
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Cro © 6.1 sin(a+2.1°) ; Cp, = 0.007 


2 
Ge _. ¢, =0,0297=C,, + C4 
14+ 2/AR ZAR 


By iteration, the solution converges to a ~ 5.2° and AR æ 3.1. Ans. 


0.468 = 








8.90 NASA is developing a swing-wing airplane called the Bird of Prey [37]. As shown 
in Fig. P8.90, the wings pivot like a pocketknife blade: forward (a), straight (b), or 
backward (c). Discuss a possible advantage for each of these wing positions. If you can’t 
think of any, read the article [37] and report to the class. 





Fig. P8.90 
Solution: Each configuration has a different advantage: (a) highly maneuverable but 
unstable, needs computer control; (b) maximum lift at low speeds, best for landing and 
take-off; (c) maximum speed possible with wings swept back. 





8.91 If ¢ø(r, A) in axisymmetric flow is defined by Eq. (8.85) and the coordinates are 
given in Fig. 8.29, determine what partial differential equation is satisfied by ¢. 


Solution: The velocities are related to ¢ by Eq. (8.87), and direct substitution gives 
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Lory, sino) +- (rvysin@)=0, with v, = = and vy= 
Thus the PDE for ø is: sin@— A i (4 sind = 0 Ans. 
or Or/ 0000 


This linear but complicated PDE is not Laplace’s Equation in axisymmetric coordinates. 





8.92 A point source with volume flow Q = 30 m?/s is immersed in a uniform stream of 
speed 4 m/s. A Rankine half-body of revolution results. Compute (a) the distance from 
the source to the stagnation point; and (b) the two points (r, 0) on the body surface where 
the local velocity equals 4.5 m/s. [See Fig. 8.31] 


Solution: The properties of the Rankine half-body follow from Eqs. (8.89) and (8.94): 


zQ. -30 239 a hence a= f2- > z0.77m Ans. (a) 
“An 4r 


[It’s a big half-body, to be sure.] Some iterative computation is needed to find the body 
shape and the velocities along the body surface: 


_ , N2( +0088) E 
sin ð 
v,=UcosO+m/r* and v,=—Using 


A brief tabulation of surface velocities reveals two solutions, both for 0< 90°: 


Surface, y =—Ua’: csc ( 2) , with velocity components 


0: 40° 50° 50.6° 60° 70° 80° 88.1° 90° 100° 
V,m/s: 4.37 449 4.50 4.58 4.62 4.59 4.50 447 4.27 


As in Fig. 8.26, V rises to a peak of 4.62 m/s (1.155U) at 70.5°, passing through 4.5 m/s 
at (r, 0) ~ (1.808 m, 50.6°) and (1.111 m, 88.1°). Ans. 





8.93 The Rankine body of revolution of Fig. 8.26 could simulate the shape of a pitot- 
static tube (Fig. 6.30). According to inviscid theory, how far downstream from the nose 
should the static-pressure holes be placed so that the local surface velocity is within 
+0.5% of U? Compare your answer with the recommendation x ~ 8D in Fig. 6.30. 


Solution: We search iteratively along the surface until we find V = 1.005U: 


Along r/a= cse(0/2), v, =Ucos0+ =, vy) =—Usin@, V=4v? +v}, m= Ua? 
r 
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The solution is found at 0 ~ 8.15°, x ~ 13.93a, Ax/D = 14.93a/4a ~ 3.73. Ans. 
[Further downstream, at Ax = 8D, we find that V ~ 1.001U, or within 0.1%.] 





8.94 Determine whether the Stokes streamlines from Eq. (8.86) are everywhere 
orthogonal to the Stokes potential lines from Eq. (8.87), as is the case for cartesian and 
plan polar coordinates. 


Solution: Compare the ratio of velocity components for lines of constant y: 








dr PE _ (rsin O (yie Ae 
rdg emine g5 (rsin O(A) (Ir) A100)’ 


(Wr) Ayld0) [a 


-1 
, th 1 ine = 
(yla) OW | us [s ope], line 


[slope], line 
They are orthogonal. Ans. 





8.95 Show that the axisymmetric potential 
flow formed by a point source +m at (—a, 0), 
a point sink-(—m) at (+a, 0), and a stream U 
in the x direction becomes a Rankine body 
of revolution as in Fig. P8.95. Find analytic 
expressions for the length 2L and diameter 2R 
of the body. Fig. P8.95 





Solution: The stream function for this three-part superposition is given below, and the 
body shape (the Rankine ovoid) is given by y= 0. 


Uo. ; 
y= -z rsin? 0 +m(cos6, —cos0,), where “2” and “1” are from the source/sink. 


m ām o 
Gay (aye 





Stagnation points at r = L, 0=0, m, or U+ 


Solve for [(L/a)}? -1]? = E La) Ans. 
a 


Similarly, the maximum radius R of the ovoid occurs at w= 0, 0= +90°: 
sar 
va? +R? Í 
or: (R/a)’J1+(R/a)? = s Ans. 


U 


U 
0 =- R? +2mcos6,, where cos@, = 
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Some numerical values of length and diameter are as follows: 


m/[Ua?: 0.01 0.1 1.0 10.0 100.0 
Lia: 1.100 1.313 1.947 3.607 7.458 
Ria: 0.198 0.587 1.492 3.372 7.348 
L/R: 5.553 2.236 1.305 1.070 1.015 


As m/Ua2 increases, the ovoid approaches a large spherical shape, L/R ~ 1.0. 





8.96 Consider inviscid flow along the streamline approaching the front stagnation point 
of a sphere, as in Fig. 8.32. Find (a) the maximum fluid deceleration along this 
streamline, and (b) its position. 


Solution: Along the stagnation streamline, the flow is purely radial, hence vg = 0. 
Thus 


3 3 
a a 
Foward stagnation =V loan = -U,, cos(z)(1 = =) = U,(1 = =a) 
r r 
dV 3 7 dV 3 3 : 
— =-3U,, o Thus deceleration = V — =3U2 “a = D = maximum when 
dr r dr r r 


2 
" =(7/4)'3 =1.205  Ans.(b) and VD ou = 0.6097 Zz Ans.(a) 
a F a 





8.97 The Rankine body of revolution in Fig. P8.97 is 60 cm long and 30 cm in 
diameter. When it is immersed in the low-pressure water tunnel as shown, cavitation may 
appear at point A. Compute the stream velocity U, neglecting surface wave formation, for 
which cavitation occurs. 


— 


Cha mics 625 


Rankine ovoid 
Fig. P8.97 


Solution: For water at 20°C, take p = 998 kg/m? and pv = 2337 Pa. For an ovoid of 
ratio L/R = 60/30 = 2.0, we may interpolate in the Table of Prob. 8.95 to find 


GaP 70-1430. E 21.3735, hence a= =21.84 cm, R=0.687a =15.0 cm, 
a a E 





3735 
m = 0.143Ua? = 0.00682U, Ung, = U+ 28 = y + 20.006820)10.2184) 0 60 
45 (21847 +(.15)] 


Then Bernoulli’s equation allows us to compute U when point A reaches vapor pressure: 


pot SU + PBZ... ~Pat EVA + PBZ y 





where V, =1.16U and p,, = Pam + P8(Zeurp — Zoo) 





40000 + 9790(0.8) 4 > U? +0 =23374 7.16) +9790(0.15) 


Solve for cavitation speed U16 m Ans. 
s 





8.98 We have studied the point source (sink) and the line source (sink) of infinite depth 
into the paper. Does it make any sense to define a finite-length line sink (source) as in 
Fig. P8.98? If so, how would you establish the mathematical properties 


Point y Line sink of 


source total strength 
-m 
+m 
x 
Ue 0 


L 
Fig. P8.98 
of such a finite line sink? When combined with a uniform stream and a point source of 
equivalent strength as in Fig. P8.98, should a closed-body shape be formed? Make a 
guess and sketch some of these possible shapes for various values of the dimensionless 
parameter m/(UxL 2, 
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Solution: Yes, the “sheet” sink makes good sense and will create a body with a sharper 
trailing edge. If q(x) is the local sink strength, then m = f q(x) dx, and the body shape is a 
teardrop which becomes fatter with increasing m/UL^. 


U increasing 
m/UL? 









8.99 Consider air flowing past a hemi- 
sphere resting on a flat surface, as in 
Fig. P8.99. If the internal pressure is pi, 
find an expression for the pressure force 
on the hemisphere. By analogy with 
Prob. 8.49 at what point A on the 
hemisphere should a hole be cut so that Fig. P8.99 
the pressure force will be zero according 

to inviscid theory? 





Solution: Recall from Eq. (8.100) that the velocity along the sphere surface is 
l2 


3 ‘ ; 
y= zY% sin@d and F,, = Í (p; —Pp,) 2zasin @ad@cos@, where 
0 


2 
p,(Bernoulli) = p, -£(3 U,, sin o) , work out F =a*(p;—p,)+ z pua? 


This force is zero if we put a hole at point A (O= 0A) such that 
On ay Po T 23. 
=p,-— PU; =p,-—Va, or Vy =,/—U, =1.061U,,=—U,, sind 
Pa =Po 16 PY o =Po z ^ A 8 7 A 


Solve for @A % 45° or 135° Ans. 





8.100 A 1-m-diameter sphere is being towed at speed V in fresh water at 20°C as shown 
in Fig. P8.100. Assuming inviscid theory with an undistorted free surface, estimate the 
speed V in m/s at which cavitation will first appear on the sphere surface. Where will 
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cavitation appear? For this condition, what will be the pressure at point A on the sphere 
which is 45° up from the direction of travel? 


P, = 101.35 kPa 


X 





Fig. P8.100 


Solution: For water at 20°C, take p = 998 kg/m? and pv = 2337 Pa. Cavitation will 
occur at the lowest-pressure point, which is point B on the top of the cylinder, at 0 = 90°: 


Po roU + P8Z, = Ps +EV5 + P8Zp, where Po = Patm + P&(Zeurface -Zo ) 


Thus [101350+9790(3)]4 = 





U2, +0 =23374 = (1.5U,,)° + 9790(0.5) 


Solve for U,, + 14.1 T Ans. to cause cavitation at point B (8 = 90°) 
s 


With the stream velocity known, we may now solve for the pressure at point A (0 = 45°): 
998 


2 
Pa fia, Isin 4s°| +9790(0.5sin 45°) = 101350 +9790(3) + 


998 


2 
= 4) 


Solve for pA #115000 Pa Ans. 





8.101 Consider a steel sphere (SG = 7.85) of diameter 2 cm, dropped from rest in water 
at 20°C. Assume a constant drag coefficient CD = 0.47. Accounting for the sphere’s 
hydrodynamic mass, estimate (a) its terminal velocity; and (b) the time to reach 99% of 
terminal velocity. Compare these to the results when hydrodynamic mass is neglected, 
Vierminal ~ 1.95 m/s and 199% ~ 0.605 s, and discuss. 


Solution: For water take p = 998 kg/m? . Add hydrodynamic mass to the differential 
equation: 
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(m T ma) = Wii™ 5 2y ve A= a De and Wret = (Pstect ~ Prwater yg ED 


Separate the variables and integrate: V = Maar: tanh| ¢ Fre oPA 
CppA 2(m+m,) 
(a) The terminal velocity is the coefficient of the tanh function in the previous equation: 
V.= 2W et 2(7834 — 998)(9.81)(7/6)(0.02)° 
f yc PA (0.47)(998)(2/4)(0.02) 


=1.95 7 (same as when m, =0) Ans. (a) 
s 





(b) Noting that tanh(2.647) = 0.99, we find the time to approach 99% of Vf to be 


A 
t Mao A = = 2.647 
2(m+m,y 


,, (7834 -998)(9.81)(7/6)(0.02)°(0.47)(998)(/4)(0.02)" 
2[(7834 + 998/2)(2/6)(0.02)° 








=4.122t 


Solve for t¢=2.647/4.122 =0.642s (6% more than when m, =0) Ans. (b) 





8.102 A golf ball weighs 0.102 lbf and has a diameter of 1.7 in. A professional golfer 
strikes the ball at an initial velocity of 250 ft/s, an upward angle of 20°, and a backspin 
(front of the ball rotating upward). Assume that the lift coefficient on the ball (based on frontal 
area) follows Fig. P7.108. If the ground is level and drag is neglected, make a simple 
analysis to predict the impact point (a) without spin and (b) with backspin of 7500 r/min. 


Solution: For sea-level air, take p = 0.00238 slug/ft . (a) If we neglect drag and spin, 
we just use classical particle physics to predict the distance travelled: 


. w2 
Nosmns.- x= Vox (2t) =—2 





V=V,,-gt=0 when t= 2sin 0, cos 6, 
_ (250) 


Substitute AX; mpact = 
p 32.2 





2sin20°cos20° ~ 1250 ft Ans. (a) 


For part (b) we have to estimate the lift of the spinning ball, using Fig. P7.108: 


o= 150027 ) -785 2S, R 7850.724 0.22: Read C, =0.02 
60 s’? U 250 
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Estimate average lift L ~ C, (9/2)V*2R?* 
2 
= (0.02)( 29038) (250) £2) = 0.023 lbf 


Write the equations of motion in the z and x directions and assume average values: 





oo giles 


mx =—-L sin8, with 6, avg © -0102322 
x ; S 


z ° x 
hyg =~ 10°, X 


t?, where t=2 x (time to reach the peak) 


Then x ~ Vxt- Ba 
2 g 


0.023 fi 


mZ=LcosO—-W, or Z,,.,*————cos10° —32.2 = —25 2 
8 0.102/32.2 s? 


Using these admittedly crude estimates, the travel distance to impact is estimated: 





V,, _ 250sin20° 
t peak = = 
a, 25 


=3.4 s, timpact = 2tpeak % 6-8 S, 


1 1.3 
Ax Vxt- zat = 250cos20°(6.8)— > (68) ~1570ft Ans. (b) 


impact 7 


These are 400-yard to 500-yard drives, on the fly! It would be nice, at least when teeing 
off, to have zero viscous drag on the golfball. 





8.103 Consider inviscid flow past a sphere, as in Fig. 8.32. Find (a) the point on the 
front surface where the fluid acceleration dmax is maximum; and (b) the magnitude of 
dmax. (C) If the stream velocity is 1 m/s, find the sphere diameter for which dmax is ten 
times the acceleration of gravity. Comment. 


Solution: Along the sphere surface, the flow is purely tangential, hence v, =0. Thus 


V, 


. X ; 
along surface = -Y0 l-a = 1-5U sin) where x is along the surface 





2 
ae TEI cos(~); Thus accel = yee -Wa sin(~) cos(~) = maximum when 
dx a a dx a a a 

2 
Xz A or 45° from stagnation point Ans.(b) and 0 Dom = 2 Ans.(a) 
a x 
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(c) From Ans.(a) above, if U» = 1 m/s and the maximum acceleration is ten g’s, then 


m, 9U} _9(1m/sf 


= 109.815) === , Solve a=0.0115m Ans.(c) 
Ss 8a 8a 


A max 


Comment: This is a fairly large sphere, 23-mm diameter. It shows that fluid flow past 
small bodies can cause large accelerations, even thousands of g’s. 





8.104 Consider a cylinder of radius a 
moving at speed U» through a still fluid, as Sm 
in Fig. P8.104. Plot the streamlines relative 
to the cylinder by modifying Eq. (8.32) to 
give the relative flow with K = 0. Integrate 
to find the total relative kinetic energy, and 
verify the hydrodynamic mass of a cylinder 
from Eq. (8.104). 





Fig. P8.104 


Solution: For this two-dimensional polar-coordinate system, a differential mass is: 
dm = pbrdrd@, where b = width into the paper 


Subtract off the stream U to get v,| —Ucos6(a*/t), val -Usin 0(a° %4) 


re 7 rel 7 


That is, the velocities “relative” to the cylinder are, in fact, the velocities induced by the 
doublet. Now introduce the element kinetic energy into Eq. (8.102) and integrate: 


1 2m œ 1 
KE= Í 5am Via = J] 5(Pbr dr dO)[ {U cos 02°}? + {Usin 0a?/ 1r}? ] = F pUa?b 
fluid 0 a 


Then, by definition, Mhpydro = T = zpa°b = cylinder displaced mass Ans. 





P8.105 A 22-cm-diameter solid aluminum sphere (SG = 2.7) is accelerating at 12 m/s? 
in water at 20°C. (a) According to potential theory, what is the hydrodynamic mass of 
the sphere? (b) Estimate the force being applied to the sphere at this instant. 
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Solution: For water at 20°C, take p = 998 kg/m’. The sphere radius is a = 11 cm. (a) 
Equation (8.103) gives the hydrodynamic mass, which is proportional to the water 
density: 


m, = Z Prater T = Z098 r011" = 278kg Ans(a) 


(b) The sphere mass is (71/6) Psphere(D*) = (276)(2.7 x 998)(0.22)° = 15.02 kg. Add this to 
the hydrodynamic mass, with the given acceleration, and use Eq. (8.101) to compute the 
applied force: 


SF = (phere) = (15.02 + 2.78kg (12) = 214N_ Ans.(b) 
S 





8.106 Laplace’s equation in polar co- 
ordinates, Eq. (8.11), is complicated by the 
variable radius r. Consider the finite- 
difference mesh in Fig. P8.106, with nodes 
(i, j) at equally spaced A@ and Ar. Derive a 
finite-difference model for Eq. (8.11) similar 
to our cartesian expression in Eq. (8.109). 


Solution: We are asked to model 


1é( dy) 1y 
-—| r— |+—> = 
ror aor) 2 
There are two possibilities, depending upon whether you split up the first term. I suggest 


1 4 at Wija TY j As Ar \| Wig —Yija Maa Mi Via o 
nar" 2 Ar 172 Ar 1 (A@y 


Clean up: (2+20)W;, = Win, i Wii EADY ja EA- MY j- Ans. 
where ¢=(rj A@/Ary and n=Ar /(2%;) 








Fig. P8.106 








8.107 Set up the numerical problem of Fig. 8.30 for an expansion angle of 30°. A new 
grid system and non-square mesh may be needed. Give the proper nodal equation and 
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boundary conditions. If possible, program this 30° expansion and solve on a digital 
computer. 





Fig. P8.107 


Solution: Assuming the same 2:1 expansion, from U(in) = 10 m/s to U(out) = 5 m/s, 
we need a non-square mesh to make nodes fall along the slanted line at a 30° slope. The 
mesh size, as shown, should be Ay = Ax/V3. The scale-ratio £ from Equation (8.108) 
equals (Ax/Ay) = 3.0, and the model for each node is 


+O = Viaj t Wij Ajat Vija) where B=3.0 Ans. 


The stream function would retain the same boundary values as in Fig. 8.30: y= 0 along the 
lower wall, y = 10 along the upper wall, and linear variation, between 0 and 10, along 
the inlet and exit planes. [See Fig. 8.31 also for boundary values. ] 

If we keep the same vertical nodal spacing in Fig. 8.30, Ay = 20 cm, then we need a 
horizontal spacing Ax = 34.64 cm, and the total length of the duct—from i = 1 to i= 16— 
will be 519.6 cm, whereas in Fig. 8.30 this total length is only 300 cm. 





The numerical results will not be given here. 





8.108 Consider two-dimensional potential flow into a step contraction as in Fig. P8.108. 
The inlet velocity U1 = 7 m/s, and the outlet velocity U2 is uniform. The nodes (i, j) are 
labelled in the figure. Set up the complete finite-difference algebraic relation for all 
nodes. Solve, if possible, on a digital computer and plot the streamlines. 


Solution: 


The writer’s numerical solution is tabulated below. 
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By continuity, U2 = U1(7/3) = 16.33 m/s. For a square mesh, the standard 
Laplace model, Eq. (8.109), holds. For simplicity, assume unit mesh widths Ax = Ay = 1. 


with y=0 on the lower wall and y= 49 on the upper wall. 


1 
Solve y;j= gaa + Wit Wing + Wing) 


2 
49.00 
40.47 
32.17 
24.40 
17.53 
11.36 

5.59 
0.00 


3 
49.00 
38.73 
28.79 
19.89 
13.37 

8.32 
4.02 
0.00 


4 
49.00 
36.66 
24.38 
13.00 
7.73 
4.55 
2.14 
0.00 


5 
49.00 
34.54 
19.06 

0.00 
0.00 
0.00 
0.00 
0.00 


49.00 
33.46 
17.30 

0.00 


49.00 
32.98 
16.69 

0.00 


49.00 
32.79 
16.46 

0.00 


49.00 
32.79 
16.38 

0.00 


10 
49.00 
26.67 
16.33 

0.00 
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8.109 Consider inviscid potential flow sw 
through a two-dimensional 90° bend with a = F 
contraction, as in Fig. P8.109. Assume aT ft 
uniform flow at the entrance and exit. 6m vy 
Make a finite-difference computer model < 10m 
analysis for small grid size (at least 150 


nodes), determine the dimensionless pres- i 
sure distribution along the walls, and i 
sketch the streamlines. [You may use either ! 
square or rectangular grids.] { 
Solution: This problem is “digital com- Le 
puter enrichment” and will not be pre- | i 

t 


sented here. a J T ~ 


Fig. P8.109 


16m 








8.110 For fully developed laminar incompressible flow through a straight noncircular 
duct, as in Sec. 6.8, the Navier-Stokes Equation (4.38) reduce to 


ĉu Žu ldp 


— +- =—— =const <0 

Vn oe u dx 
where (y, z) is the plane of the duct cross section and x is along the duct axis. Gravity is 
neglected. Using a nonsquare rectangular grid (Ax, Ay), develop a finite-difference model 
for this equation, and indicate how it may be applied to solve for flow in a rectangular 
duct of side lengths a and b. 
i-1,j+1 


ijt] i+1,j+1 





i+1,j 


i+1,j-1 


Fig. P8.110 


Chapter 8 e Potential Flow and Computational Fluid Dynamics 635 


Solution: An appropriate square grid is shown above. The finite-difference model is 





Usj 2j +Uiij „min =2u;j + Uj- ~ 1 4p E ENSA 
(Ay) (Az) nax? Í 
1 (Ay)? dp 
Uj -tugata tungtun EZE Ans. 


This is “Poisson’s equation,” it looks like the Laplace model plus the constant “source” 
term involving the mesh size (Ay) and the pressure gradient and viscosity. 








8.111 Solve Prob. 8.110 numerically for 
a rectangular duct of side length b by 2b, 
using at least 100 nodal points. Evaluate 
the volume flow rate and the friction factor, 
and compare with the results in Table 6.4: 


b*( dp 
oe —7 | fRep, + 62.19 





where Dh = 44/P = 4b/3 for this case. Fy aps G 
Comment on the possible truncation errors , 
of your model. Fig- Petit 

Solution: A typical square mesh is shown in the figure above. It is appropriate to 
nondimensionalize the velocity and thus get the following dimensionless model: 


VvV=———_; Then V; = : 

(b*/41)(—dp/dx) 4 
The boundary conditions are: No-slip along all the outer surfaces: V = 0 along i= 1,1=11, 
j=1, andj =6. The internal values Vj; are then computed by iteration and sweeping over 
the interior field. Some computed results for this mesh, Ay/b = 0.2, are as follows: 





Vija +V; 


ij+ t 


2 
jt Ving + Ving 4 (=) | with Ay = Az 


i= 1 2 3 4 5 6 (centerline) 
$=]; = 0.000 0.000 0.000 0.000 0.000 0.000 
J=2, S 0.000 0.038 0.058 0.067 0.072 0.073 
j=3, = 0.000 0.054 0.084 0.100 0.107 0.109 
j=4, = 0.000 0.054 0.084 0.100 0.107 0.109 
j= 55 = 0.000 0.038 0.058 0.067 0.072 0.073 


j=6, V= 0.000 0.000 0.000 0.000 0.000 0.000 
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The solution is doubly symmetric because of the rectangular shape. [This mesh is too 
coarse, it only has 27 interior points.] After these dimensionless velocities are computed, 
the volume flow rate is computed by integration: 


b 2b 4 12 4 
Q=f f udyaz =? ( P)p [v2 constant” ( s) 
00 BS Ogi, 58 HAE 
The double integral was evaluated numerically by summing over all the mesh squares. 
Two mesh sizes were investigated by the writer, with good results as follows: 





Ay/b = 0.2: Q/(b*/11)(—dp/dx) = “constant” ~ 0.1063(7%off) (27 grid nodes) 
=0.1 “constant” ~ 0.1123(2% off) (171nodes) Ans. 


The accuracy is good, and the numerical model is very simple to program. 





8.112 In CFD textbooks [5, 23-27], one often replaces the left-hand side of Eq. (8.1195) 
and (8.119c), respectively, with the following two expressions: 


Replace geet by ee toms 
ôx Oy Ox Oy 

Replace pees” by Bie) 
ôx Oy Ox oy 


Are these equivalent expressions, or are they merely simplified approximations? Either 
way, why might these forms be better for finite-difference purposes? 


Solution: These expressions are indeed equivalent because of the 2-D incompressible 
continuity equation. In the first example, 
ou. Ov Ou -| ou Z] [2 g 


(u’)+ I yy =ù Hu Hv u Hv 
Oy ôx Oy Oy Ox Oy OX Oy 


0 
Ox 


and similarly for the second example. They are more convenient numerically because, 
being non-linear terms, they are easier to model as the difference in products rather than 
the product of differences. 





8.113 Repeat Example 8.7 using the implicit method of Eq. (8.118). Take At = 0.2 s and 
Ay = 0.01 m, which ensures that an explicit model would diverge. Compare your 
accuracy with Example 8.7. 
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Solution: Recall that SAE 30 oil (v = 3.25E—4 m?/s) was at rest at (t = 0) when the 
wall suddenly began moving at U = 1 m/s. Find the oil velocity at (y, t) = (3 cm, 1 s). 
This time o = (3.25E-4)(0.2)/(0.01)? = 0.65 > 0.5, therefore an implicit method is 
required. We set up a grid with 11 nodes, going out to y = 0.1 m (N = 11), and use Eq. (8.118) 
to sweep all nodes for each time step. Stop at t= 1s (j =6): 


j j+ j+ 
w, +0.65(u/*} +ujti) 


j+l 


Un 
1+2(0.65) 


The results are shown in the table below. 


j Time ul u2 u3 u4 US u6 u7 ug u9 ul0 ull 
1 0.0 1.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
2 02 1.000 0.310 0.096 0.030 0.009 0.003 0.001 0.000 0.000 0.000 0.000 
3 04 1.000 0.473 0.197 0.077 0.029 0.010 0.004 0.001 0.000 0.000 0.000 
4 06 1.000 0.568 0.283 0.129 0.055 0.023 0.009 0.003 0.001 0.000 0.000 
5 08 1.000 0.629 0.351 0.180 0.086 0.039 0.017 0.007 0.003 0.001 0.000 
6 10 1.000 0.671 0.406 0.226 0.117 0.058 0.027 0.012 0.005 0.002 0.000 


This time the computed value of u4 (y = 0.03 m) at j = 6 (t = 1 s) is 0.226, or about 6% 
lower than the exact value of 0.24]. This accuracy is comparable to the explicit method 
of Example 8.7 and uses twice the time step. 





*8.114 The following problem is not solved in this Manual. It requires Boundary- 
Element-Code software. If your institution has such software (see, e.g., the programming in 
Ref. 7), this advanced exercise is quite instructive about potential flow about airfoils. 


If your institution has an online potential- 
flow boundary-element computer code, 
consider flow past a symmetric airfoil, as 
in Fig. P8.114. The basic shape of an 


l L 
NACA symmetric airfoil is defined by the Ue : see niece 2 
function [12] : 
2y 12 2 = FSSSS55 = 
R 1.4845¢°°—0.63¢—1.758¢ Lı  x=0 x=C L 
a Fig. P8.114 


+1.42156°—0.5075¢4 
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where ¢ =x/C and the maximum thickness fmax occurs at ¢ = 0.3. Use this shape as part 
of the lower boundary for zero angle of attack. Let the thickness be fairly large, say, tmax = 
0.12, 0.15, or 0.18. Choose a generous number of nodes (260), and calculate and plot the 
velocity distribution V/U,, along the airfoil surface. Compare with the theoretical results in 
Ref. 12 for NACA 0012, 0015, or 0018 airfoils. If time permits, investigate the effect of 
the boundary lengths £1, £2, and L3, which can initially be set equal to the chord length C. 





8.115 Use the explicit method of Eq. (8.115) to solve Problem 4.85 numerically for 
SAE 30 oil (v = 3.25E—-4 m 2/s) with Uo = 1 m/s and œ= M rad/s, where M is the number 
of letters in your surname. (The writer will solve it for M = 5.) When steady oscillation is 
reached, plot the oil velocity versus time at y = 2 cm. 


Solution: Recall that Prob. 4.85 specified an oscillating wall, uwall = Uosin(@t). One 
would have to experiment to find that the “edge” of the shear layer, that is, where the 
wall no longer influences the ambient still fluid, is about y ~ 7 cm. For reasonable 
accuracy, we could choose Ay = 0.5 cm, that is, 0.005 m, so that N = 15 is the outer 
“edge.” For explicit calculation, we require 


o= vAt/Ay? = (3.25E-4)At/(0.005)? < 0.5, or At < 0.038 s. 
We choose At = 0.0333 s, = 0.433, with 1 cycle covering about 37 time steps. Use Eq. (8.115): 
uw)" ~0.433(u)_,+u/,,)+0.133u, for 2<n<14 and u,=1.0sin(50), ms =0 


n+l 


Apply this algorithm to all the internal nodes (2 <n < 14) for many (200) time steps, up 
to about ¢ = 6 sec. The results for y = 2 cm, n = 5, are shown in the plot below. The 
amplitude has dropped to 0.18 m/s with a phase lag of 20° [Ref. 15 of Chap. 8, p. 139]. 


0.3 Us m/s 


0.3 i i = 
0.2 
0.2 

0.1 ! 
0.1 
0.0 
-0.1 
-0.1 | 
-0.2 
-0.2 
































0 1 2 3 4 5 6 
t, sec 


Fig. P8.115 
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COMPREHENSIVE PROBLEMS 


C8.1 Did you know you can solve iterative CFD problems on an Excel spreadsheet? 
Successive relaxation of Laplace’s equation is easy, since each nodal value is the average 
of its 4 neighbors. Calculate irrotational potential flow through a contraction as shown in 
the figure. To avoid “circular reference,” set the Tools/Options/Calculate menu to 
“iteration.” For full credit, attach a printout of your solution with yat each node. 


















































Wall, y =5 
Ņ=5 - / 
y = 3.333 
w=4 = 
Outlet 
w=3 - — 
Inlet wy = 1.667 
w=2 — 
Ņ=1 - si 
Wall, y =0 
tag ome 
Wall, y = 0 
Fig. C8.1 


Solution: Do exactly what the figure shows: Set bottom nodes at y= 0, top nodes at 
w= 5, left nodes at y= 0, 1, 2, 3, 4, 5 and right nodes at w= 0, 1.667, 3.333, and 5. 
Iterate with Eq. (8.115) for at least 100 iterations. Any initial guesses will do—the author 
chose 2.0 at all interior nodes. The final converged nodal values of stream function are 
shown in the table below. 


i,j 1 2 3 4 5 6 ih 8 9 10 

5.000 5.000 5.000 5.000 5.000 5.000 5.000 5.000 5.000 5.000 
4.000 3.948 3.880 3.780 3.639 3.478 3.394 3.357 3.342 3.333 
3.000 2.911 2.792 2.602 2.298 1.879 1.742 1.694 1.675 1.667 
2.000 1.906 1.773 1.539 1.070 0.000 0.000 0.000 0.000 0.000 
1.000 0.941 0.856 0.710 0.445 0.000 
0.000 0.000 0.000 0.000 0.000 0.000 











DRH vn A QU N -e 














C8.2 Use an explicit method, similar to but not identical to Eq. (8.115), to solve the 
case of SAE 30 oil starting from rest near a fixed wall. Far from the wall, the oil accelerates 
linearly, that is, u.. = UN = at, where a = 9 m/s2. Att=1 s, determine (a) the oil velocity 
at y = 1 cm; and (b) the instantaneous boundary-layer thickness (where u * 0.99u..). 
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Hint: There is a non-zero pressure gradient in the outer (shear-free) stream, n = N, which 
must be included in Eq. (8.114). 


Solution: To account for the stream acceleration as 02u/ét? = 0, we add a term: 


pS =pa “aS which changes the model of Eq. (8.115) to 


j+l J J 
w, ~aMt+o(u)_ 1 HU 


)+d-20)u/ 

The a term aAt keeps the outer stream accelerating linearly. For SAE 30 oil, v= 
3.25E-4 m?/s. As in Prob. 8.115 of this Manual, choose N = 15, Ay = 0.005 m, At = 0.0333 s, 
o = 0.433, and let ul = 0 and uN = ul5 =at = 9t. All the inner nodes, 2 < n <14, are 
computed by the explicit relation just above. After 30 time-steps, t = 1 sec, the tabulated 
velocities below show that the velocity at y= 1 cm (n= 3) is u3 = 4.41 m/s, and the position 
“6” where u = 0.99u., = 8.91 m/s is at approximately 0.053 meters. Ans. These results are 
in good agreement with the known exact analytical solution for this flow. 


j Time ul u2 u3 u4 u5 u6 u7 ug u9 uld ull ul2 ul3 ul4 ul5 
31 1.00 0.000 2.496 4.405 5.832 6.871 7.607 8.114 8.453 8.673 8.811 8.895 8.944 8.972 8.988 9 





C8.3 Model potential flow through the upper-half of the symmetric diffuser shown 
below. The expansion angle is 0 = 18.5°. Use a non-square mesh and calculate and plot 
(a) the velocity distribution; and (b) the pressure coefficient along the centerline (the 
bottom boundary). 





Fig. C8.3 


Solution: The tangent of 18.5° is 0.334, so L ~ 3h and 3:1 rectangles are appropriate. If 
we make them / long and h/3 high, then i = 1 to 6 and j = 1 to 7. The model is given by 
Eq. (8.108) with B= (3/1)? = 9. That is, 


214+ Wi ® Wig + Viery + IV ja t+ Vij) 
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to be iterated over the internal nodes. For convenience, take ytop = 10,000 and wbottom = 
0. The iterated nodal solutions are as follows: 


i,j 1 2 3 4 5 6 
1 10000 
2 10000 8333 
3 10000 8083 6667 
4 | 10000 10000 10000 7604 6111 5000 
5 

6 

















6667 6657 6546 5107 4097 3333 
3333 3324 3240 2563 2055 1667 
7 |0 0 0 0 0 0 


The velocities are found by taking differences: u ~ Ay/Ay along the centerline. A plot is 
then made, as shown below, of velocity along the, centerline (j = 7). The pressure 
coefficient is defined by Cp = (p — pentrance)/[(1/2) 0V 2 entrance]. These are also plotted on 
the graph, along the centerline, using Bernoulli’s equation. 


1 
0.9 ] 
0.8 
0.7 | 


0.6 
0.5 eV 
0.4 + Cp 


03 | 


0.2 J 
0.1 
0 












































0 1 2 3 4 5 


Velocity and Pressure Coefficient Distribution along the Centerline of the 
Diffuser in Problem C8.3, Assuming unit Velocity at the Entrance. 
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C8.4 Use potential flow to approximate 
the flow of air being sucked into a vacuum 
cleaner through a 2-D slit attachment, as in 
the figure. Model the flow as a line sink of 
strength (—m), with its axis in the z- 
direction at height a above the floor. 
(a) Sketch the streamlines and locate any 
stagnation points. (b) Find the velocity 
V(x) along the floor in terms of a and m. 
(c) Define a velocity scale U = m/a and 
plot the pressure coefficient Cp = (p — pw)/ 
[(1/2) U7] along the floor. (d) Find where Cp is a minimum—the vacuum cleaner should 
be most effective here. (e) Where did you expect the cleaner to be most effective, at x = 0 
or elsewhere? (Experiment with dust later.) 





Fig. C8.4 


Solution: (a) The “floor” is created by a sink at (0, +a) and an image sink at (0, —a), 
exactly like Fig. 8.17a of the text. There is one stagnation point, at the origin. The 
streamlines are shown below in a plot constructed from a MATLAB contour. Ans. (a) 





(b) At any point x along the wall, the velocity V is the sum of image flows: 
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2 2 
00s =~ aoe 


V =2v, 
rr x4+@ 


rsin 





y, Ans. (b) 


R along wall 


(c) Use the Bernoulli equation to calculate pressure coefficient along the wall: 


_ p-p, _ (DAU -v°)_ v. a 4x°a? 
P ADU? (1/2) 00? U?’ 


p,wall = 
(d) The minimum wall-pressure coefficient is found by differentiation: 





T Ans. (c) 


dC, 0 Al —4xa? 


9s 2 
—=0=—| ——— | occursat x° =a‘, or: x=+ta_ Ans. (d) 
dx dx a 


(e) Unexpected result! But experiments do show best cleaning at about x ~ a. 





C8.5 Consider three-dimensional, incompressible, irrotational flow. Use two methods 
to prove that the viscous term in the Navier-Stokes equation is zero: (a) using vector 
notation; and (b) expanding out the scalar terms using irrotationality. 


Solution: (a) For irrotational flow, V x V = 0, and V = V ¢, so the viscous term may be 
rewritten in terms of ø and then we get Laplace’s equation: 


INV =N (Vġ)= NYA =0 from Laplace’s equation. Ans. (a) 


(b) Expansion illustration: write out the x-term of VV, using irrotationality: 


Ou Pu Pu al ou Ze Ee ai FW) y A 
be Oy ol xax) dy\ ex) Gz ex) Oxlox by æ) ~” 


Similarly, V2 v= V-w =0. The viscous term always vanishes for irrotational flow. 
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C8.6 Reconsider the lift-drag data for the NACA 4412 airfoil from Prob. 8.83. 
(a) Again draw the polar lift-drag plot and compare qualitatively with Fig. 7.26. (b) Find 
the maximum value of the lift-to-drag ratio. (c) Demonstrate a straight-line construction 
on the polar plot which will immediately yield the maximum L/D in (b). (d) If an aircraft 
could use this two-dimensional wing in actual flight (no induced drag) and had a perfect 
pilot, estimate how far (in miles) this aircraft could glide to a sea-level runway if it lost 
power at 25,000 ft altitude. 


Solution: (a) Simply calculate CL(@) and CD(q@) and plot them versus each other, as 


a: [Alife menti to the polar plot hs 
EAD max: 


shown below: 





0.000 0.004 0.008 c 0.012 0.016 0.020 
D 


Fig. C8.6 


(b, c) By calculating the ratio L/D, we could find a maximum value of 76 at a=9°. Ans. (b) 
This can be found graphically by drawing a tangent from the origin to the polar 
plot. Ans. (c) 


(d) If the pilot could glide down at a constant angle of attack of 9°, the airplane could 
coast to a maximum distance of (76)(25000 ft)/(5280 ft/mi) = 360 miles. Ans. (d) 





C8.7 Find a formula for the stream 
function for flow of a doublet of strength 2 
at a distance a from a wall, as in Fig. C8.7. 
(a) Sketch the streamlines. (b) Are there 
any stagnation points? (c) Find the 
maximum velocity along the wall and its 
position. 


Bx» 


Fig. C8.7 
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Solution: Use an image doublet of the same strength and orientation at the (x, vy) = (0, —a). 
The stream function for this combined flow will form a “wall” at y = 0 between the two 
doublets: 


Agta) A-a) 
xt(ytay x? +(y-ay 


(a) The streamlines are shown on the next page for one quadrant of the doubly-symmetric 
flow field. They are fairly circular, like Fig. 8.8, above the doublet, but they flatten near 
the wall. 







The Doublet 


The Wall 





Problem C8.7 


(b) There are no stagnation points in this flow field. Ans. (b) 
(c) The velocity along the wall (y = 0) is found by differentiating the stream function: 
A 22a? A 24a? 


; i 
X+ +a yF xX +a +a F 





oy 
Uvalt = oy La 
The maximum velocity occurs at x = 0, that is, right between the two doublets:s 


u z2 Ans. (c) 


w,max 2 
a 





Chapter 9 - Compressible Flow 


9.1 An ideal gas flows adiabatically through a duct. At section 1, p1 = 140 kPa, T1 = 
260°C, and V1 = 75 m/s. Farther downstream, p2 = 30 kPa and 72 = 207°C. Calculate V2 
in m/s and s2 — s1 in J/(kg-K) if the gas is (a) air, k = 1.4, and (b) argon, k = 1.67. 


© oj 





a ———— po ECR 
‘pl = 140 kPa p2 = 30 kPa 
T1 = 260°C T2 = 207°C 
V1 =75 m/s 
Fig. P9.1 


Solution: (a) For air, take k = 1.40, R = 287 J/kg-K, and cp = 1005 J/kg-K. The adiabatic 
steady-flow energy equation (9.23) is used to compute the downstream velocity: 


1 1 
c,T+ av constant = 1005(260)+ 5 (75)'= 1005(207) +5 V3 or V, =335 © Ans. 


s 





207 +273 30 
Meanwhile, s, —s, =c,In(T,/T,)—RIn(p,/p,) = 10051 ( ) 2871 ( | 
W: S278; = Cp n(T,/T,) n(p2/P) n 260 4273 n 140 


or s2—sl=—105 +442 ~ 337 J/kg-K Ans. (a) 





(b) For argon, take k = 1.67, R = 208 J/kg-K, and cp = 518 J/kg-K. Repeat part (a): 


1 1 
cT V? = 518260) + = (75) = 518207) + V3, solve V, = 246 ™ Ans. 
S 





S3 — S; = 518in( 2224273) 2081n( 30) =—54+320 ~ 266 J/kg:K Ans. (b) 
260 +273 140 








9.2 Solve Prob. 9.1 if the gas is steam. Use two approaches: (a) an ideal gas from Table A.4; 
and (b) real steam from EES or the steam tables [15]. 
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Solution: For steam, take k = 1.33, R = 461 J/kg-K, and cp = 1858 J/kg-K. Then 


oT+V? = 1858(260)+5(75) = 1858(207) +> V3, solve V, #450 Ans. (a) 
sS 


S3 sı = 1858 1n( 2207+273) a61 1n( 2) 195+710 = 515 J/kg-K Ans. (a) 
260 +273 140 





(b) For real steam, we look up each enthalpy and entropy in EES or the Steam Tables: 


at 140 kPa and 260°C, read h, =2.993E6 = 
g 


at 30 kPa and 207°C, h, =2.892E6 = 
g 


Then h4 : V? = 2.993E6 + : (15) = 2.892E6 + N solve V, ~ 443 Ans. (b) 
S 


J 


at 140 kPa and 260°C, read s, = 7915, at 30 kPa and 207°C, s, =8427 —— 
kg-K kg-K 


Thus s,—s, =8427-—7915 512 J/kg-K Ans. (b) 


These are within +1.5% of the ideal gas estimates (a). Steam is nearly ideal in this range. 





9.3 If8 kg of oxygen in a closed tank at 200°C and 300 kPa is heated until the pressure 
rises to 400 kPa, calculate (a) the new temperature; (b) the total heat transfer; and (c) the 


change in entropy. 


Solution: For oxygen, take k = 1.40, R = 260 J/kg-K, and cy = 650 J/kg-K. Then 


P=, T, =T, (p/p) = (200+273)( 40°} = 631K ~358°C Ans. (a) 


Q = mc, AT = (8)(650)(358 — 200) = 8.2E5J Ans. (b) 


358 +273 J 
-5$ = In(T,/T,) = (8 6s0)in( 2538+273) < 1500 Ans. 
S2 =$; = mc, In(T,/T,) = (8)(650) In N g 4 (c) 
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P9.4 Consider steady adiabatic airflow in a duct. At section B, the pressure is 154 kPa 
and the density is 1.137 kg/m’. At section D, the pressure is 28.2 kPa and the temperature 
is —19°C. (a) Find the entropy change, if any. (b) Which way is the air flowing? 


Solution: Convert Tp = -19+273 = 254 K. We need the temperature at section B: 








Ty = Pe _ 154,000 Pa - ADK 
Rpg (287)(. Eee 
PB 154,000 
Then =c, In(—) - Rin = (1005) In(—— 287) In 
Sg-Sp =Cp ae on (1005) £ =) - (287) m3 200 
Or: Sp-Sp = 623 — 487 x +133 4 Ans.(a) 
kg- K 


The entropy is higher at B. Therefore the (adiabatic) flow is from D to B. Ans.(b) 





9.5 Steam enters a nozzle at 377°C, 1.6 MPa, and a steady speed of 200 m/s and 
accelerates isentropically until it exits at saturation conditions. Estimate the exit velocity 
and temperature. 
Solution: At saturation conditions, steam is not ideal. Use EES or the Steam Tables: 
At 377°C and 1.6 MPa, read h1 =3.205E6 J/kg and s1 = 7153 J/kgK 
At saturation for s1 =s2=7153, read p2= 185 kPa, 


T2=118°C, and h2 = 2.527E6 J/kg 





Then h+ iv =3.205E6 4 ; (200)° = 2.527E6 4 EvA, solve V, =1180 ™ Ans. 


This exit flow is supersonic, with a Mach number exceeding 2.0. We are assuming with 
this calculation that a (supersonic) shock wave does not form. 





P9.6 Use EES, other software, or the Gas Tables, to estimate cp and cy, their ratio, and their 
difference, for carbon dioxide at 800K and 100 kPa. Compare with estimates similar to Eqs. 
(9.4). 
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Solution: The writer used EES, for example, cp = CP(CarbonDioxide,T=800,P=100) and 
obtained the following results at 800K and 100 kPa: 

Cp = 1169 J/kg-K ; cy = 980 J/kg-K ; k = &/cy = 1.19 3 cy—cy = 189 J/kg-K (=R) 
The difference is still equal to the gas constant R, but the specific heats are about 50% higher 


than would be estimated from Table A.4, which states (at room temperature), that k = 1.30 and R 
= 189 J/kg-K: 
kR _ 1.3089) _ J 


c,| = — 819 
Pe Pe eat kg-K 








>; Cy leo2 * Z- = 630 


So we give up a little accuracy by assuming constant specific heats if temperature changes are 
large. 





P9.7 Air flows through a variable-area duct. At section 1, 4; = 20 cm’, pı = 300 kPa, pi = 
1.75 kg/m’, and V, = 122.5 m/s. At section 2, the area is exactly the same, but the density is 
much lower: 2 = 0.266 kg/m’, and T> = 281 K. There is no transfer of work or heat. Assume 
one-dimensional steady flow. (a) How can you reconcile these differences? (b) Find the mass 
flow at section 2. Calculate (c) V2, (d) p2, and (e) s2 — sı. Hint: This problem requires the 
continuity equation. 


Solution: Part (a) is too confusing, let’s try (b, c, d, e) first. (b) The mass flow must be 
constant: 


i, = thy = PAV, = (1.75 ££) 6,0020 m2)022.5™) = 0.0429 *8 Ans.(b) 
m Ss S 


mo 0.0429kg/ s = 806 Ans.(c) 


Then V, = A 3 5 
P242 (0.266kg/ m” X(0.002m^ ) s 





That’s pretty fast! Check a, = (kRT»)'? = [1.4(287)(281)]? = 336 m/s. Hence the Mach 
number at section 2 is Ma, = V2/a. = 806/336 = 2.40. The flow at section 2 is supersonic! 
(d) The pressure at section 2 is easy, since the density and temperature are given: 
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P> = PoRT> = (0.266 kg/m>)(287 m? /s* — K)(281K) = 21,450 Pa Ans(d) 
Pi (300000 Pa) 


Similarly , T, = = 5 3 
Rp, (287 m^ / s3 — K)(1.75kg/ m) 


= 597 K 


(e) Finally, with pressures and temperatures known, the entropy change follows from Eq. (9.8): 
21450 
300000 








T. 
59-5, =c, MS Rin 2) = 1005 in =) 287 In( 


2 ) = -757 +757 = 0 d Ans.(e) 
Tı Pı kg-K 


Ahah! Now I get it. (a) The flow is isentropic. Ans.(a) The stagnation properties, T, = 605 K, 
Po = 319 kPa, and p, = 1.805 kg/m? are constant in the flow from section | to section 2. 





9.8 Atmospheric air at 20°C enters and — r 
fills an insulated tank which is initially 


I 
' e 
evacuated. Using a control-volume analysis : T L— m 
from Eq. (3.63), compute the tank air ' 1 20°C 
Stes. os O 0 gigas anncentran yerventaey enya l atm 
temperature when it is full. a 


Solution: The energy equation during filling of the adiabatic tank is 





dQ dw. dE i 
Q Wan 2040- Fov _ haimenterings OF; after filling, 
dt dt dt 

ECV final — Ecv ;initial FA MnO ened? or: Mme, Tank 2 me, Tam 


Thus Tank = (c, /c, JT, 


tm 


=(1.4)(20+273) ~ 410 K=137°C_ Ans. 





9.9 Liquid hydrogen and oxygen are burned in a combustion chamber and fed through a 
rocket nozzle which exhausts at 1600 m/s and exit pressure equal to ambient pressure of 
54 kPa. The nozzle exit diameter is 45 cm, and the jet exit density is 0.15 kg/m’. If the 
exhaust gas has a molecular weight of 18, estimate (a) the exit gas temperature; (b) the 
mass flow; and (c) the thrust generated by the rocket. 


Solution: (a) From Eq. (9.3), estimate Rgas and hence the gas exit temperature: 


bee i OE a ao 2 o hece Tra a TK AO 
ss 18 kgK Rp 462(0.15) 
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(b) The mass flow follows from the exit velocity: 
m= pAV = fo. 15 zz (0.45m)? 1600m/ s) = 38 s Ans. (b) 


(c) The thrust was derived in Problem 3.68. When pexit = pambient, we obtain 


Thrust = p,A,V2 = mV, =38(1600) ~ 61,100 N Ans. (c) 





9.10 A certain aircraft flies at the same Mach number regardless of its altitude. 
Compared to its speed at 12000-m Standard Altitude, it flies 127 km/h faster at sea level. 
Determine its Mach number. 


Solution: At sea level, T1 = 288.16 K. At 12000 m standard, T2 = 216.66 K. Then 


, = JKRT, = V14287)288.16) =340.3 ©; a, = KRT, =295.0 = 
S S 


= Ma(a, —a,) = Ma(340.3 — 295.0) =Ma(45.3) = [127 kmh] = 35.27 m/s 


Solve for Ma = 39:27 
45.3 





Then AV 


plane 





z0.78 Ans. 





9.11 At 300°C and 1 atm, estimate the speed of sound of (a) nitrogen; (b) hydrogen; 
(c) helium; (d) steam; and (e) uranium hexafluoride 238UF6 (k = 1.06). 


Solution: The gas constants are listed in Appendix Table A.4 for all but uranium gas (e): 


(a) nitrogen: k= 1.40, R = 297, T = 300 + 273 = 573 K: 
a=VkRT =,/1.40(297)(573) ~488 m/s Ans. (a) 


(b) hydrogen: k=1.41,R=4124, a=,/1.41(4124)(573) ~ 1825 m/s Ans. (b) 


(c) helium: k= 1.66, R =2077: a=,/1.66(2077)(573) ~1406 m/s Ans. (c) 
(d) steam: k=1.33,R=461: a=,/1.33(461)(573) ~ 593 m/s Ans. (d) 
[NOTE: The EES “soundspeed” function would predict dsteam = 586 m/s.] 


(e) For uranium hexafluoride, we need only to compute R from the molecular weight: 
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(e) 38UE: M=238+6(19)=352, -. Rea 623.62 m?/s?-K 


then a=,/1.06(23.62)(573) ~120m/s_ Ans. (e) 





9.12 Assume that water follows Eq. (1.19) with n ~ 7 and B = 3000. Compute the bulk 
modulus (in kPa) and the speed of sound (in m/s) at (a) 1 atm; and (b) 1100 atm (the 
deepest part of the ocean). (c) Compute the speed of sound at 20°C and 9000 atm and 
compare with the measured value of 2650 m/s (A. H. Smith and A. W. Lawson, J. Chem. 
Phys., vol. 22, 1954, p. 351). 


Solution: We may compute these values by differentiating Eq. (1.19) with & = 1.0: 


P< (B+1)\(p/p,)° -B: Bulk modulus K=p2=nB+Dp,(pla,)" a=K/p 
p P 


a 


We may then substitute numbers for water, with pa = 101350 Pa and pa = 998 kg/m: 


(a) atlatm: Kwater = 7(3001)(101350)(1)’ ~ 2.129E9 Pa (21007 atm) Ans. 
(a) 
speed of sound awater = K/p = J2.129E9/998 ~ 1460 m/s Ans. (a) 


1100+ 3000 


V7 
) = 998(1.0456) = 1044 kg/m? 
3001 


(b) at 1100 atm: p= oos[ 


K =K,,,,(1.0456)’ =(2.129E9)(1.3665) = 2.91E9 Pa (28700 atm) Ans. (b) 


a= K/o =V2.91E9/1044 ~ 1670 m/s Ans. (b) 


1/7 7 
2000+ 3000) =1217 kg. 27) 
3001 998 


or: K=8.51E9 Pa, a=./K/p =V8.51E9/1217 ~ 2645 m/s (within 0.2%) Ans. (c) 


atm 


(c) at 9000 atm: p= 998 K=K, ( 


> 
m 





P9.13 Consider steam at 500 K and 200 kPa. Estimate its speed of sound by three 
different methods: (a) using the handy new EES thermophysical function 
SOUNDSPEED(Steam, p = p;,T = T,); (6) assuming an ideal gas from Table B.4; or 
(c) using finite differences for isentropic densities between 210 kPa and 190 kPa. 


642 Solutions Manual e Fluid Mechanics, Seventh Edition 
Solution: (a) Enter EES and use the new function, setting units to kPa and degrees Kelvin: 


dggs = SOUNDSPEED(Steam, p=200,T =500) = 547 z Ans.(a) 


(b) Ideal gas approximation: From Table B.4 for H2O, k = 1.33 and R = 461 m’/s”-K: 


Gideal eas = VERT = f1.33(461)(500) ~ 554 ~ Ans.(b) 


This is 1.3% higher than EES, not bad. In this region, a better k would 1.30, not 1.33. 
(c) Using finite differences of density and pressure at the same entropy as the given state: 


Entropy level: s, = ENTROPY(Steam, p=200,T =500) = 7.6168k//kg—K 
At py =210kPa, compute p, = DENSITY (Steam, p=210,s=s,) = 0.9073 kg/m? 
At p,=190kPa, compute p, = DENSITY (Steam, p=190,s=s,) = 0.8404 kg [m 


2 
Finite ditferencés a? m P jp m2000 I0000 ~ 0000 ogogo 
Ap 0.9073—0.8404 0.0669 2 


Finally, Adifferences * V298950 = 547 x Ans.(c) 
j s 





Part (c) is the same as the EES result, so maybe that’s how the new function works? 





P9.14 At 1 atm and 20°C, the density of methyl alcohol is 49.4 Ibm/ft®. At 300 atm, its 
density increases to 50.9 lbm/ft?. Use this data to estimate the speed of sound. Comment on 
the possible uncertainty of this estimate. 


Solution: For convenience, convert the density data to SI units: 49.4 Ibm/ft? = 790.7 kg/m’, and 
50.9 Ibm/ft? = 814.7 kg/m*. Then use finite differences to approximate the formula: 


anin Ap _ ee _ [30303650 ~ 1124” Ans. 
Ap (814.7 —790.7)kg / m 24.0 s 
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Since it relies on a small difference between two large densities, the density measurement must be 
very accurate. For example, a 1% error in density might cause a 50% error in speed of sound. 





P9.15 The pressure-density relation for ethanol is approximated by Eq. (1.19) with B = 
1600 and n = 7. Use this relation to estimate the speed of sound of ethanol at a pressure of 


2000 atmospheres. 


Solution: Recall that Eq. (1.19) is a curve-fit equation of state for liquids: 


P x B+)" -B (1.19) 


It looks like this, with p, = 790 kg/m? from Table A.3. At 2000 atm, p ~ 887 kg/m’. 





3000 
2500 
2000 
1500 
1000 

500 





ETHANOL 

















780 800 820 840 860 880 900 920 





We see that the slope (or speed of sound squared) increases with pressure. Differentiate: 








OP a Pongan 
dp Po Po 
3 
Ethanol: a = n aeoo + ESEE y6 ~ 1700 Ans. 
790 kg/m 790 kg/m s 


At 1 atm, the speed of sound of ethanol is about 1200 m/s. 
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9.16 A weak pressure wave (sound wave) Ap propagates through still air. Discuss the 
type of reflected pulse which occurs, and the boundary conditions which must be satisfied, 
when the wave strikes normal to, and is reflected from, (a) a solid wall; and (b) a free 
liquid surface. 


yay, p+Ap AV j p+Ap 4 Ç 
Yc $ av 


V=0, p V =0,p+2Ap 
INCIDENT WAVE REFLECTED WAVE 
y AV, p+Ap AV y p+Ap A C 
c A AV _ REFLECTED 
V=0, p AVE, p+tApf 
LIQUID SURFACE ‘LIQUID SURFACE a 
INCIDENT WAVE 
AVf, ptApf 


ees, Coes 
TRANSMITTED WAVE 
Fig. P9.16 


Solution: (a) When reflecting from a solid wall, the velocity to the wall must be zero, so 
the wall pressure rises to p + 2Ap to create a compression wave which cancels out the 
oncoming particle motion AV. 

(b) When a compression wave strikes a liquid surface, it reflects and transmits to keep the 
particle velocity AVf and the pressure p + Apf the same across the liquid interface: 


2pCAV 4 — 2PiiqQCtig AP 


AV; = — =; f Ans. (b) 
PCF PrigCiig PC+ Piig rig 


If pliqCliq 22 eC of air, then AVf* 0 and Apfx2Ap, which is case (a) above. 





9.17 A submarine at a depth of 800 m sends a sonar signal and receives the reflected 
wave back from a similar submerged object in 15 s. Using Prob. 9.12 as a guide, estimate 
the distance to the other object. 
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Solution: It probably makes little difference, but estimate a at a depth of 800 m: 
at 800m, p= 101350 + 1025(9.81)(800) = 8.15E6 Pa = 80.4 atm 
p/pa = 80.4 = 3001(p/ 1025)’ — 3000, solve p~ 1029 kg/m? 


a=\n(B+1)p,(p/p,)'/p = ¥7001)(101350)(1029/1025)/1029 ~ 1457 m/s 


Hardly worth the trouble: One-way distance ~ a At/2 = 1457(15/2) = 10900 m. Ans. 





9.18 Race cars at the Indianapolis Speedway average speeds of 185 mi/h. After 
determining the altitude of Indianapolis, find the Mach number of these cars and estimate 
whether compressibility might affect their aerodynamics. 


Solution: Rush to the Almanac and find that Indianapolis is at 220 m altitude, for 
which Table A.6 predicts that the standard speed of sound is 339.4 m/s = 759 mi/h. Thus 
the Mach number is 


Maracer = V/a = 185 mph/759 mph = 0.24 Ans. 


This is less than 0.3, so the Indianapolis Speedway need not worry about compressibility. 





P9.19 In 1976, the SR-71A Blackbird, flying at 20 km standard altitude, set the jet-powered 
aircraft speed record of 3326 km/h. (a) Estimate the temperature, in °C, at its front stagnation 
point. (b) At what Mach number would it have a front stagnation-point temperature of 500°C? 


Solution: At 20 km altitude, from Table A.6, T= 216.66K and a = 295.1 m/s. Convert the 


velocity from 3326 km/h to (3316)(1000)/(3600) = 924 m/s. Then Ma = V/a = 924/295.1 = 
3.13. Compute 


T, =T(1+0.2Ma7) = (216.66)[1+0.2(3.13)7] = 641K = 368°C Ans.(a) 
(b) To have a front stagnation temperature of 500°C = 773 K, we could calculate 


T, = TBK = (216.66)[1+0.2 Ma’ ] , solve for Ma = 3.58 Ans.(b) 


o 


The SR-71A couldn’t fly that fast because of structural and heat transfer limitations. 
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P9.20 Air flows isentropically in a channel. Properties at section 1 are V; = 250 m/s, T; = 
330 K, and p; = 80 kPa. At section 2 downstream, the temperature has dropped to 0°C. 
Find (a) the pressure, (b) velocity, and (c) Mach number at section 2. 


Solution: Assume k = 1.4 and, of course, convert T;=0°C = 273 K. (b) The adiabatic 
energy equation will yield the new velocity: 
v2 
T,+— =T, = 3304 
2c p 


y2 
361K =T + —— = 2734 
2c, 


V3 
2(1005) 


(250? 
2(1005) 





Solve for Vy = 421 la Ans.(b) 
s 


(a) To calculate p2, we could go through the stagnation pressure (which is 110 kPa) or we 
could simply use the ideal gas temperature ratio, Eq. (9.9): 


T. 
pz _ Tya-d =. P2 B35 20515, or: py = 41kPa Ans.(a) 
POT 80 330 





We have velocity and temperature at section 2, so we can easily calculate the Mach 





number: 
Ma, = Vo VQ 421 — 421m/s _ 1.27 Anse) 
a, J RRT, /1.4(287)(273)  331m/s 





9.21 CO2 expands isentropically through a duct from p1 = 125 kPa and T1 = 100°C to 
p2 = 80 kPa and V2 = 325 m/s. Compute (a) 72; (b) Maz; (c) To; (d) po; (e) V1; and (f) 
Mal. 
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Solution: For CO2, from Table A.4, take k = 1.30 and R = 189 J/kg-K. Compute the 
specific heat: cp = kR/(k — 1) = 1.3(189)/(1.3 — 1) = 819 J/kg:K. The results follow in 
sequence: 


(a) I, =F(p,/p,)*?" =(73 K)(80/125)"-?"3 =336K Ans. (a) 
(b) a) =JkRT, = J(1.3)189)(336) = 288 m/s, May =V,/a) = 325/288 =1.13 Ans. (b) 











(c) T, =T, =D (1 > mag) = (936) = 0.13) | =401K Ans. (c) 
k-1 1.3/((1.3-1) 0.3 1.3/0.3 
(d) Po = Por = Pr (14 ma] = (0)]1+ 224.139 | =171 kPa Ans. (d) 
y? v? 
(e) T =401 K =7,+— =373+——,, Solve for V, =214 m/s Ans. (e) 
a | 2c, 2(819) i 


(f) a = KRT, =[(1.3X189(873) =303 m/s, Ma, =V,/a, =214/303 =0.71 Ans. (f) 





9.22 Given the pitot stagnation temperature 
and pressure and the static-pressure measure- 
ments in Fig. P9.22, estimate the air 
velocity V, assuming (a) incompressible flow 
and (b) compressible flow. 


Solution: Given p = 80 kPa, po = 120 
kPa, and T = 100°C = 373 K. Then 


Po v- iene 
RT, 2876873) Fig. P9.22 


o 








Po = 


(a) ‘Incompressible’: 


2: = 
Sues I a0 E Aom 51000 E E 
‘ sS 


(b) Compressible: T = tate Ik — 373(80/120)°4/!4 = 332 K. Then To = 373 K = 
T+V? /2cp = 332 +V? /[2(1005)], solve for V =286 m/s. Ans. (b) 
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P9.23 A gas, assumed ideal, flows isentropically from point 1, where the velocity is 
negligible, the pressure is 200 kPa, and the temperature is 300°C, to point 2, where the pressure 
is 40 kPa. What is the Mach number Ma, if the gas is (a) air; (b) argon; or (c) CH4? (d) Can 
you tell, without calculating, which gas will be the coldest at point 2? 


Solution: This is a standard exercise in using the isentropic-flow formulas. The term 
“negligible velocity” is code for stagnation conditions, hence p, = 200 kPa and T, = 300°C = 
573 K. Work it out for the three different gases, using the ideal-gas isentropic-flow formulas: 


= T = 
Po = 4 Kat yay 5 Fo = 4 Ka’) 
p 2 T 2 


For po/p = 200/40 = 5.0 and T, = 573 K, we obtain 
(a) Air, k= 140 ; Ma= 1709 ; TT) = 362K Ans(a) 
(b) Argon, k = 1.67 ; Ma = 1.646 ; T 301K = Ans.(b) 
(c) CHa, &#= 1.32 3; Ma = 1.727 ; Ty = 388K — Ans.(c) 


(d) The argon cools off the most Ans.(d). But, since both cp and V vary with k, the writer 


was not smart enough to divine which was coolest without calculating the temperatures. 





9.24 For low-speed (nearly incompressible) gas flow, the stagnation pressure can be 
computed from Bernoulli’s equation 


1 
Po= P+, pV" 


(a) For higher subsonic speeds, show that the isentropic relation (9.28a) can be expanded 
in a power series as follows: 
Eea l2 2-k 4 
= p+—pV~| 1+—Ma* +—— Ma’ +--- 
wapige ( 4 24 

(b) Suppose that a pitot-static tube in air measures the pressure difference p0 — p and uses 
the Bernoulli relation, with stagnation density, to estimate the gas velocity. At what Mach 
number will the error be 4 percent? 
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Solution: Expand the isentropic formula into a binomial series: 


z ki(k-1) 2 a 2 
Pe (1441s? | Sige. Be eee K Al k (= Ema?) eu 
p 2 k-i 2 k-12\k-1 





=14 K Ma? H K Ma‘ H K-K) Ma‘ fees 
2 8 48 





Use the ideal gas identity (1/2)oV7 = (1/2)kp(Ma7) to obtain 
—PoWP§441.Ma? 427K Ma‘... Ans. 
(1/2) eV 4 24 


The error in the incompressible formula, 2Ap/, pov’, is 4% when 


v___- PalP =1.04 
V2(p.-py/p  V1+(1/4)Ma? +[(2—k)/24]Ma* ` í 


W(k-1) 
where P- (i + K-i ma?) 
pP 2 


For k= 1.4, solve this for 4% error at Ma 0.576 Ans. 











9.25 If it is known that the air velocity in 
the duct is 750 ft/s, use that mercury manom- 
eter measurement in Fig. P9.25 to estimate 
the static pressure in the duct, in psia. 


Solution: Estimate the air specific weight 
in the manometer to be, say, 0.07 bff. 
Then 





Fig. P9.25 





Po — Plmeasured = (P&mercury a Pair )h = (846 a oon È n) = 564 lbf? 


Given T=100°F =560°R, a=<VkRT =,/1.4(1717)(560) ~1160 fi/s 


Then Ma= V/a=750/1160 = 0.646 


Finally, PoP = 11 +0.2(0.646)? > -1=1.324-1=0.324 = 2-4 
p p 





Solve for pstatic ~ 1739 psf ~ 12.1 Ibf/in? (abs) Ans. 
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9.26 Show that for isentropic flow of a perfect gas if a pitot-static probe measures p0, p, 
and Tọ, the gas velocity can be calculated from 


(k-1)/k 
V? =2c,h (2) 
Po 


What would be a source of error if a shock wave were formed in front of the probe? 


Solution: Assuming isentropic flow past the probe, 


v2 [pE 
T=T,(p/p,)*"* =T, -——, solve V? = 2c,T,| 1- iS Ans. 
2c, Po 


If there is a shock wave formed in front of the probe, this formula will yield the air 
velocity inside the shock wave, because the probe measures po2 inside the shock. The 
stagnation pressure in the outer stream is greater, as is the velocity outside the shock. 





P9.27 A pitot tube, mounted on an airplane flying at 8000 m standard altitude, reads a 
stagnation pressure of 57 kPa. Estimate (a) the velocity in mi/h, and (b) the Mach number. 


Solution: We assume that the static pressure is the standard atmosphere pressure at 8000 m, 
which from Table B.6 is 35,581 Pa. Then the isentropic pressure formula will yield the 
Mach number: 


Po _ 57000 1602 a (1+0.2Ma*)>>, Solve Ma = 0.85 Ans.(b) 


p 35581 


Gratifyingly, the speed of sound at 8000 m is given right in Table B.6: a = 308 m/s. 
Then 


V = (Ma)(a) = (0.85X(308m/s) = 262 m/s = 586 mi/h Ans.(a) 





9.28 A large vacuum tank, held at 60 kPa absolute, sucks sea-level standard air through 
a converging nozzle of throat diameter 3 cm. Estimate (a) the mass flow rate; and (b) the 
Mach number at the throat. 
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Solution: For sea-level air take To = 288 K, po = 1.225 kg/m’, and po = 101350 Pa. 
The pressure ratio is given, and we can assume isentropic flow with k = 1.4: 


pa _ 60000 


p, 101350 





=(1+0.2Ma?) °°, solve Ma, ~ 0.899 Ans. (b) 


We can then solve for exit temperature, density, and velocity, finally mass flow: 


kg 


ke 7 - Pe _ 60000 
m 


° Rp, 287(0.842) 





Pe = P [l+ 0.2(0.899) 7? = 0.842 x248 K 


V, = Ma,a, = 0.899[1.4(287)(248)]!? ~ 284 ™ 
S 


Finally, 1 = p,4.V, = (0.842) = (0.03)°(284) ~ 0.169 ŽE Ans. (@) 
sS 





9.29 Steam from a large tank, where T = 400°C and p = 1 MPa, expands isentropically 
through a small nozzle until, at a section of 2-cm diameter, the pressure is 500 kPa. Using the 
Steam Tables, estimate (a) the temperature; (b) the velocity; and (c) the mass flow at this 
section. Is the flow subsonic? 


Solution: “Large tank” is code for stagnation values, thus To = 400°C and po = 1 MPa. 
This problem involves dogwork in the tables and well illustrates why we use the ideal-gas 
law so readily. Using k ~ 1.33 for steam, we find the flow is slightly supersonic: 


1.33 





Ideal-gas simplification: P- 1090 =2.02|1+ (5 — * Ma? ia > 
p 500 2 
Solve Ma#1.07 Ans.(a) 


That was quick. Instead, for more accuracy, use EES, assuming constant entropy: 


At To=400°C and po=1 MPa, read s, ~ 7465 = and h, ~3.264E6 ae 
kg-K kg 
Then, at p = 0.5 MPa, assuming s = so, read T = 302°C x 575 K Ans. (a) 


Also read h% 3.067E6 J/kg and p7 1.908 kg/m? 
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With h and ho known, the velocity follows from the adiabatic energy equation: 


2 
h+V?/2=h,, or 3.067E6 + V?/2 = 3.264E6 [or = 
g S 


Solve V=627 © Ans. (b) 
S 


The speed of sound is now included in EES, thanks, EES! 
a = SOUNDSPEED(steam, p = 500, s = 7.465) = 583 = 
S 


Then Ma = V/a = S #1.075 Ans. (a) (slightly supersonic) 


Finally, the mass flow is computed from the density and velocity: 
m= pAV = (1.908 kg /m?) (7 /4)(0.02m)* (627m/s) =~ 0.376 kg/s Ans.(c) 


We could have done nearly as well (+2%) by simply assuming an ideal gas with k ~ 1.33. 





P9.30 When does the incompressible-flow assumption begin to fail for pressures? Construct 
a graph of po/p for incompressible flow of air as compared to Eq. (9.28a). Neglect gravity. 
Plot both versus Mach number for 0 < Ma < 0.6 and decide for yourself where the deviation is 
too great. 


Solution: The Bernoulli incompressible equation can be converted to Mach number form: 


2 2 2 
Po jaN ip V ark Y a RE 
p 2p 2KRT 2 at 2 





P72 
=p+—VvV°’, or: 
k 2 


Po lincompressble 


compressible ~ 


Compare with 221 = [+ CD mae 
p 


The two formulas are compared in the chart below. The difference becomes visible (but less 


than 1%) at Ma = 0.3 (the usual criterion) but is still small (<2%) at Ma = 0.5. 
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Incompressible 


eines eG Compressible 
1.15 


Po/p 
1.10 








1.05 





k= 1.40 














1.00 














9.31 Air flows adiabatically through a duct. At one section, V1 = 400 ft/s, T1 = 200°F, 
and p1 = 35 psia, while farther downstream V2 = 1100 ft/s and p2 = 18 psia. Compute 
(a) Ma2; (b) Umax; and (c) po2/pol. 


Solution: (a) Begin by computing the stagnation temperature, which is constant (adiabatic): 








2 2 2 
Ta =T =T 4 x = (200 +460) +4 (400) =673°R =T, +4 y 
2c, 2(6010) 2c, 
2 
Then T, -673-00 = 573°R, 
E 2(6010) 
V, 1100 _ 1100 





Ma, =— = 


a, 14071673) 1173 
(b) Umax = /2cpT, = V2(6010)(673) = 2840 ft/s Ans. (b) 
(c) We need Ma, = V,/a; =400/,/1.4(1717)(200 +460) =400/1260 ~ 0.318 
then py = p;(1+0.2Ma?)"” =1.072p, = 37.53 psia 


= 0.938 Ans. (a) 


5\3.5 : : 
and Po =pz(1+0.2Ma}) =1.763p, =31.74 psia, -. P22 = os ~ 0.846 Ans. (c) 





ol 
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9.32 The large compressed-air tank in 
Fig. P9.32 exhausts from a nozzle at an exit 
velocity of 235 m/s. The mercury 
manometer reads h = 30 cm. Assuming 
isentropic flow, compute the pressure (a) in 
the tank and (b) in the atmosphere. 
(c) What is the exit Mach number? 





Solution: The tank temperature = To = Mercury 
30°C = 303 K. Then the exit jet tempera- Fig. P9.32 
ture is 
ve 235% 235 
T -=T _ Ve 393-239) -276K “~ Ma, =- ~ 0.706 Ans. (c) 


=T, | 7 Ma, 
2c, 2(1005) ¥/1.4(287)(276) 


3.5 
Then pie T (1 + 0.2Maż) =1.395 and Ptank ~ Pe = (Pmercury — Prank )gh 


e 


Guess Pry ¥1.6 kg/m’, .. p, —p, = (13550 —1.6)(9.81)(0.30) ~ 39900 Pa 
Solve the above two simultaneously for p, +101 kPa and p,,,, ~ 140.8 kPa Ans. (a, b) 





9.33 Air flows isentropically from a reservoir, where p = 300 kPa and T = 500 K, to 
section | in a duct, where Al = 0.2 m? and V1 = 550 m/s. Compute (a) Mal; (b) T1; (c) 
pl; (d) m; and (e) A*. Is the flow choked? 


Solution: Use the energy equation to calculate T1 and then get the Mach number: 
2 2 
T= aN = 500- (550) 
2c, 2(1005) 





=350K Ans. (b) 
550 
Then a, =./1.4(287)(350) =375 m/s, Ma, = V,/a,; = 35 =1.47 Ans. (a) 


The flow must be choked in order to produce supersonic flow in the duct. Answer. 


P =p / (1+0.2 Ma?) = 300/[1+0.2(1.47) PS ~ 86 kPa Ans. (c) 
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=P 80000 gq $S, t= pav =(0.854)0.2)1550)~94 “Ans. @) 
RT, 287650) m s 
2543 
Finally, 2 -1 (+0.2Ma ) 21155 if Ma=147, 
A* Ma 1.728 
boiz Oe s0173 m? Ans. (e) 
1.155 





P9.34 Carbon dioxide, in a large tank at 100°C and 151 kPa, exhausts to a l-atm 
environment through a converging nozzle whose throat area is 5 cm”. Using isentropic 


ideal-gas theory, calculate (a) the exit temperature, and (b) the mass flow. 


Solution: For CO», from Table A.4, take R = 189 m’/s’-K and k = 1.30. Find the exit Mach 


number from the exit pressure ratio (guessing that the exit flow is subsonic, sO Pexit = Pam): 


Po _ aa X p+ mae he =[1+0.15Ma2]!3!°3 , solve Ma, = 0.802 
p a 

T 
Then T, = o HK 340K = 67°C Ans(a) 





n+ hma?] ~ [14+0.15%(0.802)"] 
2 E 


To compute the mass flow, either find V, and p, or use the mass-flow function, Eq. (9.47). 


151000 3448. 02 2.14 = 1.5848 


; > Pe 
(189)(373) m [1+ 0.15(0.802)7 1° as 


V, =Ma, a, = Ma, JkRT, = (0.802),/1.3089)G40) = 232m/s 


Finally, m= p,A.V, = (1.58)(0.0005 m? (232) = 0.183 kg/s Ans.(b) 





oO 


With pressures known, an alternate method would use the mass-flow function, Eq. (9.47): 
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m| RT, B m.|(189)(373) 2 2k (2 yer tz kD = 








Apo  (0.0005)(151000) k-1 p, ; 
= [2 101350 aa L50 oaa] gove rh = 0.18322 Ans) 
0.3 `151000 151000 s 


The mass-flow function is a bit messy, but it gives the mass flow directly. 





9.35 Helium, at To = 400 K, enters a nozzle isentropically. At section 1, where A1 = 0.1 
mê, a pitot-static arrangement (see Fig. P9.25) measures stagnation pressure of 150 kPa 
and static pressure of 123 kPa. Estimate (a) Ma1; (b) mass flow; (c) T1; and (d) A¥*. 


Solution: For helium, from Table A.4, take k = 1.66 and R = 2077 J/kg-K. (a) The local 
pressure ratio is given, hence we can estimate the Mach number: 


1.66/(1.66-1) 
Baw tS i + 1 a | , solve for Ma, ¥0.50 Ans. (a) 
Pp, 123 
Use this Mach number to estimate local temperature, density, velocity, and mass flow: 
T, 400 
T= 2 = > 370K Ans. (c) 
1+(k-1)Ma{/2 1+0.33(0.50) 


_ Pr___ 123000 9 169 KE 





ARF 2077370) Sm 
2 m 
V, = Maa, = 0.50[1.66(2077)(370)] ^ = 565 — 
s 
Finally, m= p,A,V, = (0.160)(0.1)(565) = 9.03 kg Ans. (b) 
s 
Finally, A* can be computed from Eq. (9.44), using k = 1.66: 


2 
Bigs S eee ~1.323, A* = 0.0756 m2 Ans.(d) 


(1/2)(2.66)/(0.66) 
Æ Ma,| (1.66+1/2 | 





9.36 An air tank of volume 1.5 m? is at 800 kPa and 20°C when it begins exhaustin, 
through a converging nozzle to sea-level conditions. The throat area is 0.75 cm”. 
Estimate (a) the initial mass flow; (b) the time to blow down to 500 kPa; and (c) the time 
when the nozzle ceases being choked. 
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Solution: For sea level, pambient = 101.35 kPa < 0.528ptank, hence the flow is choked 
until the tank pressure drops to pambient/0.528 = 192 kPa. (a) We obtain 

800000(0.75E—4 m? 

Minitial = M imax = 0.6847 Po = 0.6847 ( i = ) 


JRT, © 287293) 


(b) For a control volume surrounding the tank, a mass balance gives 


-0.142 8 Ans.(@) 
S 


Pk 

Ls a a 

dt RT, dt JRT, 
P(t) 

P(O) 


separate the variables: 
A® JRT, 
= exp -osee a =e 003 until p(t) drops to 192 kPa 
v 


At 500 kPa, we obtain 500/800 = exp(—0.00993t), or t#47s Ans. (b) 
At choking (192 kPa), 192/800 = exp(—0.00993t), or t#144s Ans. (c) 





9.37 Make an exact control volume analysis of the blowdown process in Fig. P9.37, 
assuming an insulated tank with negligible kinetic and potential energy. Assume critical 
flow at the exit and show that both po and To decrease during blowdown. Set up first- 


order differential equations for po(t) and To(t) and reduce and solve as far as you can. 
Insulated tank 









Po(t) 
T(t) 
Volume V 
Measurements 
of tank 
pressure and 
temperature 











Fig. P9.37 
Solution: Fora CV around the tank, write the mass and the energy equations: 
0.6847A* 
mass: g (pv) = —mh, o of Po j= Be , where poe 
dt dt (RT, [F VR 
dQ dw d( p Nna 
energy: —=0= ° vc T, | +mc,T, 
Y tiat dt |RT, vevo] S 
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We may rearrange and combine these to give a single differential equation for To: 











dT, 0.6847 dT, 
A i Ca k DAR, o 5 =-Cf dt 
a 2 
Integrate: T,(Q) = i. +3 T Ans. 


With To(t) known, we could go back and solve the mass relation for po(t), but in fact that 
is not necessary. We simply use the isentropic-flow a 


k/(k-1) —2k/(k-1) $% 
oO = Ea = [i Terror! (c- ee es pinnae R Ans. 


Clearly, tank pressure also decreases with time as the tank blows down. 











9.38 Prob. 9.37 makes an ideal senior project or combined laboratory and computer 
problem, as described in Rer 30, sec. 8.6. In Bober and Kenyon’s lab experiment, the tank 
had a volume of 0.0352 ft? and was initially filled with air at 50 lb/in~ gage and 72°F. 
Atmospheric pressure was 14.5 Ib/in? absolute, and the nozzle exit diameter was 0.05 in. 
After 2 s of blowdown, the measured tank pressure was 20 Ib/in? gage and the tank 
temperature was —5°F. Compare these values with the theoretical analysis of Prob. 9.37. 


Solution: Use the formulas derived in Prob. 9.37 above, with the given data: 
T, (0) = 72 + 460 = 532°R, 


0.6847(27/4)(0.05/12)? (1.4 —1)V1717 
0.0352 ft? 





eII ~ 1 
C ~ 0.0044 T 


-2 
Then T,(t) =T, on ie (0.0044) s32t| = 532/[1+0.0507t 


Similarly, p, =p,(O)[T,/T,(O)/X“ = (50+ 14.5 psia)/[1 + 0.0507t]’ 


Some numerical predictions from these two formulas are as follows: 


t, sec: 0 0.5 1.0 1 2.0 
To, °R: 532.0 506.0 481.9 459.5 438.6°R 
po, psia: 64.5 54.1 45.6 38.6 32.8 psia 


At t = 2 sec, the tank temperature is 438.6°R = —21.4°F, compared to —5°F measured. 
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At t = 2 sec, the tank pressure is 32.8 psia = 18.3 psig, compared to 20 psig measured. 
The discrepancy is probably due to heat transfer through the tank walls warming the air. 





9.39 Consider isentropic flow in a channel of varying area, between sections 1 and 2. 
Given Mal =2.0, we desire that V2/V1 equal 1.2. Estimate (a) Ma2 and (b) A2/A1. 
(c) Sketch what this channel looks like, for example, does it converge or diverge? Is there 
a throat? 


Solution: This is a problem in iteration, ideally suited for EES. Algebraically, 
-1/2 

V, Maya, _ Ma, 4 |1+0.2Ma} | 
V Mam May h[140.2Ma? |” 


For adiabatic flow, ao is constant and cancels. Introducing Mal = 2.0, we have to solve 
Ma,/[1+0.2Ma;3]'” = 1.789. By iteration, the solution is: Ma2=2.98 Ans. (a) 





=1.2, given that Ma, =2.0 


oe 
Then a EEE Table B1)= 2.46 Ans. (b) 
A, A/A 1.6875 


There is no throat between, a supersonic expansion. Ans. (c) CT) Supersonic 








P9.40 Steam, in a tank at 300 kPa and 600 K, discharges isentropically to a low-pressure 
atmosphere through a converging nozzle with exit area 5 cm’. (a) Using an ideal gas 
approximation from Table B.4, estimate the mass flow. (b) Without actual calculations, 
indicate how you would use real properties of steam, from EES, to find the mass flow. 


Solution: The code words “low-pressure atmosphere” mean that the flow is choked at the 
exit. For steam, from Table B.4, assume k = 1.33 and R = 461 m’/s’-K. Then we are at 
maximum mass flow: 


y 2 -D Po A* 
k=1.33: a =[k"2 0.5(kKH)Mk-l) 1 Po E 
Mmax =L Cai p ler T, 
2 
= [0.6726] OD» ge: Ana 
(461 J/kg — K)(600 K) s 
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(b) Using EES for real steam, we don’t have these nice power-law formulas, but we can 
use the energy equation and the continuity equation and the fact that the entropy is 
constant: 


o ; Continuity: m = pAV = constant; s =s, = constant 


Energy: h + v? =h 


First establish s, from the given p, and T,. Then guess a velocity V, perhaps starting at 
300 m/s, compute h from energy, then compute p = p(h, so) from the EES thermophysical 
functions. This enables us to calculate the (guessed) mass flow = p A V. Is it a 
maximum? Probably not. Keep changing V until you reach a maximum mass flow. The 
final result obtained by the writer is 


At V= 569m/s and p = 0.683kg /m?, m= m 


max 


= 0.191 %8 Ans.) 
S 


The perfect-gas result is very accurate. Steam is nearly ideal in this superheat region. 
Meanwhile, you could also use the new EES thermophysical function SOUNDSPEED for 
this problem, monitoring a for each guessed velocity V and computing the Mach number 
V/a. you would find that, at V = 559 m/s, the mass flow is maximum, and Ma = 1.000 
(choked). 





9.41 Air, with a stagnation pressure of 100 kPa, flows through the nozzle in Fig. P9.41, 
which is 2 m long and has an area variation approximated by 


Ax 20—20x +10x7 


with A in cm? and x in m. It is desired to plot the complete family of isentropic pressures 
p(x) in this nozzle, for the range of inlet pressures 1 < p(0) < 100 kPa. Indicate those inlet 
pressures which are not physically possible and discuss briefly. If your computer has an 
online graphics routine, plot at least 15 pressure profiles; otherwise just hit the highlights 
and explain. 
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Fig. P9.41 


Solution: There is a subsonic entrance region of high pressure and a supersonic 
entrance region of low pressure, both of which are bounded by a sonic (critical) throat, 
and both of which have a ratio A,-ọ/A* =2.0. From Table B.1 or Eq. (9.44), we find 
these two conditions to be bounded by 


a) subsonic entrance: A/A* = 2.0, Mae ~ 0.306, pe ~ 0.9371 po ~ 93.71 kPa 
b) supersonic entrance: A/A* = 2.0, Mae ~ 2.197, pe = 0.09396po ~ 9.396 kPa 


Thus no isentropic flow can exist between entrance pressures 9.396 < pe < 93.71 kPa. 
The complete family of isentropic pressure curves is shown in the graph on the 
following page. They are not easy to find, because we have to convert implicitly from 
area ratio to Mach number. 
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9.42 A bicycle tire is filled with air at 169.12 kPa (abs) and 30°C. The valve breaks, 
and air exhausts into the atmosphere of 100 kPa (abs) and 20°C. The valve exit is 2-mm- 
diameter and is the smallest area in the system. Assuming one-dimensional isentropic 
flow, (a) find the initial Mach number, velocity, and temperature at the exit plane. (b) Find 
the initial mass flow rate. (c) Estimate the exit velocity using the incompressible 
Bernoulli equation. How well does this estimate agree with part (a)? 


Solution: (a) Flow is not choked, because the pressure ratio is less than 1.89: 


P, _ 169.12 


3.5 
=(1+0.2Ma?)”, solve Ma, =0.90; Read T, = 0.86067, = 261 K 
p 100 


V, = Ma,a, =(0.90)J1.4(287)(261) = 0.90(324) = 291 ™ Ans. (a) 
Ss 


(b) Evaluate the exit density at Ma = 0.90 and thence the mass flow: 


_ pe _ 100000 _ 
Pe RT, 28126) ` 


kg 


> 
m? 


335 





Then m= p,4V,=(1 335) (0.002)°(291) = 0.00122 ŽE Ans. (b) 
sS 
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(c) Assume p = po = ftire, for how would we know pexit if we didn’t use compressible- 
flow theory? Then the incompressible Bernoulli relation predicts 


pP, _ 169120 kg 


=e == 1.945 
ee RT, 287(303) m? 


Vun 2Ap _ [2@.69120-100000) x267 © Ans. () 
, Po 1.945 s 


This is 8% lower than the “exact” estimate in part (a). 











P9.43 Air flows isentropically through a variable-area duct. At section 1, A1 = 20 cm?, pı = 
300 kPa, p; = 1.75 kg/m’, and Ma; = 0.25. At section 2, the area is exactly the same, but the 
flow is much faster. Compute (a) V2; (b) Maz; and (c) T2, and (d) the mass flow. (e) Is there a 
sonic throat between sections 1 and 2? If so, find its area. 


Solution: If the areas are the same but the velocities different, there must be a sonic throat 
in be-tween. (e) We can find the throat area A* right away. For k = 1.40, from Eq. (9.45), 
Ma, = 0.25, 


A, 20cm? 1 (1+. 0.2Ma,”)° 


re: 4% Ua L728 = 2.4027 , solve A* = Ahroat = 8.32 cm Ans.(e) 
1 2 





(d) Compute V, and then we can find the mass flow: 


_ Pı _ 300000 


|= = =597K ; V, = Maq a = 0.25,/1.4(287)(597) = 123m/s 
Ro, 287(1.75) 


Then t= p, AV, = (1.75 £8)66,0020m?)(123 m L 0438 Ans{d) 
m S S 


We also need T, =T,(1+0.2Ma? ) = (597 K)[1 + 0.2(0.25)?] = 604K 


Now go over to section 2 and compute those properties. We have the same area ratio: 
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A 
aa also = 2.4027 ; TableB.1: Ma, = 2.400 Ans.(b) 
T =T, /+0.2Ma3) = (604 K)/[1+0.2(2.400)7] = 281K Ans.(c) 


V, = May JkRT, = (2.400),/1.4(287)(281) = 806 = Ans.(a) 
s 





9.44 In Prob. 3.34 we knew nothing about compressible flow at the time so merely assumed 
exit conditions p2 and 72 and computed V2 as an application of the continuity equation. 
Suppose that the throat diameter is 3 in. For the given stagnation conditions in the rocket 
chamber in Fig. P3.34 and assuming & = 1.4 and a molecular weight of 26, compute 
the actual exit velocity, pressure, and temp-erature according to one-dimensional theory. If 
pa=14.7 Ibf/in? absolute, compute the thrust from the analysis of Prob. 3.68. This thrust is 
E independent of the stagna-tion temperature (check this by changing To to 2000°R 
if you like). Why? 


© | Liquid oxygen: 


0.5 slug/s 








l 

4000° R | 

| 400 Ibf/in? ! 

l 

` D,=5.5in 
©, Liquid fuel: 
0.1 slug/s 
Fig. P3.34 


Solution: IfM = 26, then Rgas = 49720/26 = 1912 ft-lbf/slug°R. Assuming choked flow 
in the throat (to produce a supersonic exit), the exit area ratio yields the exit Mach 
number: 


A, (D,) (5.5) 
— =| -=| =| =— | =3.361, whence Eq. 9.45 (for k =1.4) predicts Ma, ~ 2.757 
A* \D* 3.0 


Then isentropic p, = 400/[1 +0.2(2.757} P7 =15.7psia Ans. 
T, =4000°R/[1+0.2(2.757}} ]=~1587°R_ Ans. 
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Then V, =Ma,,/kRT, =2.757,/1.4(1912)(1587) ~ 5680 ft/s Ans. 


We also need p, = p,/RT, = (15.7 x 144)/[1912(1587)] ~ 0.000747 slug/ft* 
From Prob. 3.68, Thrust F =A, AA +(p, -p,)|, 


2 
F= #(23) [0.000747(5680)" + (15.7—14.7) x 144] = 4000 Ibf Ans. 


Thrust is independent of T, because p,  1/T, and V, « ./T,,so T, cancels out. 





P9.45 Air flows isentropically from a large tank through a variable-area nozzle. At 
section 1, where A; = 12 cm’, conditions are p; = 20.5 kPa, T; = 232 K, and V; = 733 m/s. 
Find (a) the mass flow; (5) Maj; (c) the throat area, if any; and (d) the pressure and 
temperature in the tank. 


Solution: We have enough information at section 1 to find the mass flow: 


= pP _ 20500 
RT, (287)(232) 





Pi = 0.308 - ; n = PAV, = (0.308)(0.0012)(733) = 0.271 *& Ans.(a) 
m S 


And the information at section 1 also yields the local Mach number: 


Vi _ 733m/s 
a 305m/s 


The local flow is supersonic, so there definitely is a sonic throat: 





a, = JkRT, = S148232) = 3057 > Ma,= = 2.40 Ans.(b) 


A 2 
Ma =240: A = 2403, A* = PM 


= =~ 5.0 cm Ans.(c) 
A* 2.403 





Finally, the tank (stagnation) conditions are calculated by the isentropic ratios: 


Ma, = 2.40: —"e— =[1+0.2(2.42 5 = 14.6, p, = 300 kPa 
20.5kPa 


T, 2 
2— =[1+0.2(2.4)°]=2.15, T, = 500K = Ans.(d 
aoe. (2.4)"] 0 ns.(d) 
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P9.46 A one-dimensional isentropic airflow has the following properties at one section where 
the area is 53 cm?: p = 12 kPa, p = 0.182 kg/m’, and V = 760 m/s. Determine (a) the throat 


area; (b) the stagnation temperature; and (c) the mass flow. 


Solution: We already have what we need to compute the mass flow: 


m= pAV = (0.182 kg/m )(0.0053 m7 )(760 m/s) = 0.733 kg/s  Ans.(c) 


Now we need the Mach number at this section: 


po. 12000 Pa 
PR (0.182kg/m>)(287m? / 57K) 
V V 760 760 


a VkRT  J1.4(287)(230) 304 


The flow at this station is supersonic; therefore a sonic throat exists. We may now calculate 


T = = 230K 








Ma = = 2.50 





T, = T(1+0.2Ma*) = (230K)[1+0.2(2.50)?] = 518K Ans.(b) 

2\3 253 
A _(1+0.2Ma*)* _[1+0.2(2.50)*P _ ech 0.0053 a bone? Ans (a) 
A* 1.728 Ma 1.728(2.50) 2.64 





9.47 In wind-tunnel testing near Mach 1, a small area decrease caused by model 
blockage can be important. Let the test section area be 1 m? and unblocked conditions are 
Ma = 1.1 and T = 20°C. What model area will first cause the test section to choke? If the 
model cross-section is 0.004 sq.m., what % change in test-section velocity results? 


Solution: First evaluate the unblocked test conditions: 
T =293°K, a=VkRT = J1.4(287)(293) = 343 aaa < V =(1.1)(343) = 377 2 
s s 


233 
Also, A MEANT 1.007925 , or A*=1.0/1.007925 = 0.99214 m? 


A*  1.728(1.1) (unblocked) 
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If A is blocked by 0.004 m2, then Anew =1.0 — 0.004 = 0.996 m2, and now 


Anew _ 0.996 


new 


A* 0.99214 








=1.00389, solve Eq. (9.45) for Ma(blocked) ~ 1.0696 


Same T, = 364 K, new T = 296 K, new a = 345 m/s, new V = Ma(a) = 369 = Ans. 
s 


Thus a 0.4% decrease in test section area has caused a 2.1% decrease in test velocity. 





9.48 A force F = 1100 N pushes a piston of diameter 12 cm through an insulated 
cylinder containing air at 20°C, as in Fig. P9.48. The exit diameter is 3 mm, and pa = 1 
atm. Estimate (a) Ve, (b) Vp, and (c) m,. 


Insulated 





Fig. P9.48 


Solution: First find the pressure inside the large cylinder: 


Pp = yt atm =— 1 __,. 101350 = 198600 = 1.96 atm 


A (2/4)(0.12) 


Since this is greater than (1/0.5283) atm, the small cylinder is choked, and thus 


Vexit = RT, - |< 4) (287)(293) ~= 313 m/s Ans. (a) 
+1 1.4+ 


Vpiston = (pel pp)(Ae/Ap) Ve = (0.6339)(0.003/0.12)7(313) = 0.124 m/s Ans. (b) 


2 
Finally, rn = rh = 0.6847 (198600)(77/4)(0.003) 


i /287(293) 


The mass flow increases with F, but the piston velocity and exit velocity are independent 
of F if the exit flow is choked. 





= 0.00331 ŽE Ans. © 
sS 
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9.49 Consider the venturi nozzle of Fig. 6.40c, with D = 5 cm and d = 3 cm. Air stagnation 
temperature is 300 K, and the upstream velocity V1 = 72 m/s. If the throat pressure is 
124 kPa, estimate, with isentropic flow theory, (a) p1; (b) Ma2; and (c) the mass flow. 


Solution: Given one-dimensional isentropic flow of air. The problem looks sticky— 
sparse, scattered information, implying laborious iteration. But the energy equation yields 
V1 and Mal: 


2 
7,-7 + =30K -7 +I, 
2c 2(1005 J/kg K) 





solve for T, =297.4K 


v 72 72 m/s 
Ma, = = = = 
SERT, [1.4(287)(297.4) 346m/s 





208 


Area-ratio calculations will then yield A* and Ma2 and then po and p1: 


3 
A, (/4)(0.05my" (1 +0.2 May ) [1 + 0.2(0.208} F 
Ae At — 1.728Ma,  1.728(0.208) 


Solve A*=0.0006886 m? 





2.85, 


3 
4 _(7014)(0.03 my? _(1+0.2Maj) 
A*  0.0006886m° 1.728Ma, 





=1.027, Solve Ma, = 0.831 Ans. (b) 


2\35 273.5 
P) =P, (1+0.2 Maz)” =(124kPa)[I + 0.2(0.831)°}*> =195kPa 


=p / (1+ 0.2 Ma)” = (195 kPa)/[1 + 0.2(0.208) P =189 kPa Ans. (a) 


The mass flow follows from any of several formulas. For example: 


E AE EE Ae ee [4 }0.05%2)=-0213 Ans. (c) 
RT, 287(297.4) || 4 s 








P9.50 Carbon dioxide is stored in a tank at 100 kPa and 330 K. It discharges to a 
second tank through a converging nozzle whose exit area is 5 cm?. What is the initial 
mass flow rate if the second tank has a pressure of (a) 70 kPa, or (b) 40 kPa? 
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Solution: For CO,, from Table B.4, R = 189 m’/s’-K and k = 1.30. Calculate the pressure p* 
if the flow is choked at the exit: 


Po. = 2 p+“) 1) KED = p+ E > D Q3=D ¢ 9241303 = 1.8324 
p* 


100kPa 
1.8324 


= 54.6kPa 





Hence, for this case, p* = 


Thus, for case (a), pp = 70, the nozzle is not choked. For case (b), pp = 40, it is choked. (a) 
We could plow through the various exit properties and finally find the mass flow: 





p. = 70kPa ; Ma, = 0.756 ; p,=1.22 X ; a = 273" ; V, = Ma, a, = 2077 
m s s 


m = p, AV, = (1.22)X(0.0005)(207) ~ 0.126 kg/s Ans(a) 
Or we could do it all in one step with the handy mass flow function, Eq.(9.47), p/po = 0.546: 


i JRT, | 
a “Vis 1° 546)? 13I- (0.546)°™12] = 0.629 
e P 


o 





Hence sh = 0.629 00059000000) 0.126 ŽE Ansa) 
S 


{(189)(330) 


(b) For an outside pressure of only 40 kPa < 54.6 kPa, the exit is choked: 





2 A* 
[k 2 (15D N-D] Po # Po 


n=m.. = = 
M nax k+1 IRT, 


= [0.6673] (L09, 000) (0:0003): — 0.134 E Ans.(b) 
s 


4/(189)(330) 





P9.51 The scramjet engine of Fig. 9.30 is supersonic throughout. A sketch is shown in 
Fig. C9.8. Test the following design. The flow enters at Ma = 7 and air properties for 
10,000 m altitude. Inlet area is 1 m’, the minimum area is 0.1 m’, and the exit area is 

0.8 m°. If there is no combustion, (a) will the flow still be supersonic in the throat? 
Also, determine (b) the exit Mach number, (c) exit velocity, and (d) exit pressure. 


Solution: From Table B.6 at 10,000 m, read p; = 26416 Pa, 7; = 223.16 K, and p; = 
0.4125 kg/m’. Establish area ratio and stagnation conditions at the inlet, section 1: 
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A 
Ma, =7: aan tl > Po. = (26416)[1+0.2(7)" °° = 1.094E8 Pa 


Ta = (223.16)[1+0.2(7)?] = 2410 K 


ol 
Now, assuming isentropic flow (no combustion), work your way through the area ratios: 


A =0.1m: A /A*= (104.1)(0.1m? /1.0m?) = 10.41, for which Maproar = 3.97 Ans.(a) 
Ay = 0.8m: Ay/A* = (104.1)(0.8m? /1m7) = 83.28, for which Ma, = 6.655 Ans.(b) 
Ty = 2410K /[1+4 0.2(6.655)” ]= 244 K, V4 = Ma, a4 =(6.655),/1.4(287)(244) = 2080 m/s Ans.(c) 


p4 = 1.094E8 Pa/[{1+0.2(6.655)?}3°] = 36,400 Pa Ans.(d) 





9.52 A converging- diverging nozzle exits smoothly to sea-level standard atmosphere. 
It is supplied by a 40- -m° tank initially at 800 kPa and 100°C. Assuming isentropic 
flow, estimate(a) the throat area; and (b) the tank pressure after 10 sec of operation. 
The exit area is 10 cm^. 


Solution: The phrase “exits smoothly” means that exit pressure = atmospheric pressure, 
which is 101 kPa. Then the pressure ratio specifies the exit Mach number: 


800 


Po/Pan = =[1+0.2Ma? |7, solve for Mai = 2.01 
° œ 101 


exit 
Thus A,/A* = 1.695 and A*=(10cm7)/1.695~5.9em? Ans.(a) 


Further, Mm = M max = 0.6847(800000)(0.00059)/ 4/287(373) ~ 0.99 kg/s 
The initial mass in the tank is quite large because of large volume and high pressure: 


k 
P= = = T x747 a thus Miyagi = PV =(7.47)(40) = 299 kg 





After 10 sec, blowing down at 0.99 kg/s, we have about 299 — 10 = 289 kg left in the 
tank. The pressure will drop to about 800(289/299) ~ 773 kPa. Ans. (b). 
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9.53 Air flows steadily from a reservoir at 20°C through a nozzle of exit area 20 cm? and 
strikes a vertical plate as in Fig. P9.53. The flow is subsonic throughout. A force of 135 N 
is required to hold the plate stationary. Compute (a) Ve, (b) Mae, and (c) po if pa = 101 
kPa. 


Ae= 20 cm? 


J Plate 

Air — 

ae es a TEN 
Fig. P9.53 


Solution: Assume pe = 1 atm. For a control volume surrounding the plate, we deduce that 


F=135N=9,V-A, =kp,MazA, =1.4(101350)(0.002 m*)Maz, 
or Ma,=0.69 Ans. (b) 


T, =293/[1+0.2(0.69)?]~ 268 K, a, =,/1.4(287)(268) =328 ™, thus 
S 
V, =a,Ma, = (328)(0.69)= 226 m/s Ans. (a) 
Finally, Pesk =P, =101350[1+0.2(0.69)} F5 ~ 139000 Pa Ans. (c) 





P9.54 The airflow in Prob. P9.46 undergoes a normal shock just past the section where 
data was given. Determine the (a) Mach number, (b) pressure, and (c) velocity just 
downstream of the shock. [Recall the given data: the area is 53 cm*, p= 12 kPa, p= 0.182 
kg/m*, and V = 760 m/s.] 


Solution: In Prob. P9.46 we found that the local Mach number at the section was 2.5. 
Table B.2: Ma, = 0.513. Ans.(a) ; 
p/p: = 7.125, hence pz = 7.125*12000 = 85500Pa_ Ans.(b) 
Vi/V2 = po/p, = 3.333 hence V = (760)/(3.333) = 228m/s Ans.(c) 


The shock results were quite easy — finding the upstream Mach number was the hard part. 
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9.55 Air, supplied by a reservoii at 450 kPa, flows through a converging-diverging 
nozzle whose throat area is 12 cm2. A normal shock stands where Al = 20 cm”. (a) Compute 
the pressure just downstream of this shock. Still farther downstream, where A3 = 30 cm’, 
estimate (b) p3; (c) A3*; and (d) Ma3. 


Solution: Ifa shock forms, the throat must be choked (sonic). Use the area ratio at (1): 


A, 20 
—=—=1.67, or Ma, 1.985, whence p, = Pees <a = 59 kPa 
A 12 [1 +0.2(1.985)? 


2 
Then, across the shock, Pa _ eA) 04 = 4.43, 
Pi 2.4 


p> = 4.43(59) ~ 261 kPa Ans. (a) 


x 
Across the shock, at Ma, =1.985, a =1.374, Až =1.374(12) ~ 16.5 cm? Ans.(c) 
1 


A ; 
At A; =30cm’, == 20. =1.82, whence subsonic Ma, ~0.34 Ans.(d) 
i A* 16.5 3 
2 
328 





Finally, py = 374 328 kPa, p; = = 303kPa_ Ans. (b) 


[1+0.2(0.34) P° 





9.56 Air from a reservoir at 20°C and 
500 kPa flows through a duct and forms a shock 


throat 
normal shock downstream of a throat of area rile 
10 cm2. By an odd coincidence it is found that — oj 
the stagnation pressure downstream of this m2 


10 cm4 
shock exactly equals the throat pressure. What 
is the area where the shock wave stands? 


sonic 


Solution: Ifa shock forms, the throat is sonic, A* = 10 cm?. Now 
Pp; =0.5283p,, = 0.5283(500) = 264kPa=p,, also 


Por _ 264 _ 9 5983: Table B.2, read Ma, = 2.43 
Por 500 


_ [1+0.2(2. 43y p° 
1.728(2.43) 


Then 


So A,/AT ~2.47, or A,(at shock) =2.47(10)~24.7em? Ans. 
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9.57 Air flows from a tank through a 
nozzle into the standard atmosphere, as in 
Fig. P9.57. A normal shock stands in the exit 
of the nozzle, as shown. Estimate (a) the tank 
pressure; and (b) the mass flow. 


Solution: The throat must be sonic, and 
the area ratio at the shock gives the Mach 





number: Fig. P9.57 
3 
14 [1+0.2Mar | 
A,/A* = — =1.4==—____—_.,,_ solve Ma, ~1.76 upstream of the shock 
10 1.728Ma, 
2.8(1.76)° —0.4 _ 101350 


~3.46, p,=latm, p,= = 29289 Pa 





Then / = 
P2/P1 lia 24 3.46 


Thus Prank = Por = 29289[1 + 0.21.76) F° + 159100 Pa Ans. (a) 
Given that To = 100°C = 373 K and a critical throat area of 10 cm’, we obtain 


M = M max = 0.6847p,A*/; [RT, = 0.6847(159100)(0.001)/./287(373) 
= 0.333 kg Ans. (b) 
s 





P9.58 The data of Prob. P9.4 represent conditions before and after a normal shock wave. 
If the velocity at section B is 238 m/s, what are (a) the velocity at D; (b) the stagnation 
temperature, (c) the stagnation pressure at D, and (d) the Mach number at section D? 


D) (B) 
p = 28.2 kPa p=154kPa 
—> T=-19C = p= 1.137 — 
254K kg/m^3 
V = 238m/s 


Solution: Assume k = 1.4. From Prob. P9.4, we found that section D is upstream. The 
pressure ratio will give us the upstream Mach number Map: 


Ps _ 154,000Pa L 546; Table B.1 or Eq.(9.54): Map = 2.20 Ans.(d) 
Pp  28,200Pa 
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With the upstream Mach number known, we can find the stagnation pressure there: 


Pop = Pp A+0.2Maj,)*° = (28.2kPa)[1+0.2(2.20)? 2° = 300 kPa Ans.(c) 


The downstream stagnation pressure (not asked) is much less, 189 kPa. Similarly, given Tp = 
-19°C = 254 K, we can calculate the stagnation temperature (good for both sides): 


Typ = Tp(+0.2Ma3,) = (254K)[1+0.2(2.20)?] = 500 K = Tyg Ans.(b) 


Finally, we could compute Vp from the ratio across the shock, Eq. (9.58), 





Vp (k+DMah 242.20) Sosa D 


5 z i , Vp =702Č Ans.(a) 
Vg (k-1)Ma%+2 (0.4)(2.20)" +2 238 5 


Alternately, Vy = Map (kRTp)'” = (2.20)[1.4(287)(254)]'" = (2.20)(319) = 702 m/s. 





9.59 Air, at stagnation conditions of 450 K and 250 kPa, flows through a nozzle. At 
section 1, where the area = 15 cm“, there is a normal shock wave. If the mass flow is 
0.4 kg/s, estimate (a) the Mach number; and (b) the stagnation pressure just downstream 
of the shock. 


Solution: If there is a shock wave, then the mass flow is maximum: 





ig x 
in, =0.4 E =0.6847 Z£ =0,6847-2300004* 
: NRT, 287(450) 
4 _ 0.0015 
A* 0.00084 


solve 4* = 0.000840 m° 


Then 





=1.786 Table B.1: Read Maj ypsieam = 2-067 


Finally, from Table B.2, read Ma =0.566 Ans. (a) 


1, downstream 


Also, Table B.2: 222 =0.690,  Po.gownstream = 0-690(250) = 172 kPa Ans. (b) 
Poi 





9.60 When a pitot tube such as Fig. (6.30) is placed in a supersonic flow, a normal shock 
will stand in front of the probe. Suppose the probe reads po = 190 kPa and p = 150 kPa. If 
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the stagnation temperature is 400 K, estimate the (supersonic) Mach number and velocity 
upstream of the shock. 
NORMAL SHOCK 


O f (2 static 
a 
P stagnation 


Fig. P9.60 


Solution: We can immediately find Ma inside the shock: 


B55 
Po2/P2 -12 =1.267=(1+0.2Ma}) °, solve Ma, ~0.591 


2_ 0.4(0.591}? +2 


Then, across the shock, Ma; = z , solve Ma, #1.92 Ans. 
2.8(0.591)° — 0.4 


400 


== 230 K,_ a, = /1.4(287)(230) ~ 304 m/s, 
[1+0.2(1.92)7] 


T, 


V, =Ma;ą; =(1.92)(304) ~ 585 m/s Ans. 





P9.61 Air flows from a large tank, where T = 376 K and p = 360 kPa, to a design condition 
where the pressure is 9800 Pa. The mass flow is 0.9 kg/s. However, there is a normal shock in 
the exit plane just after this condition is reached. Estimate (a) the throat area; and, just 
downstream of the shock, (b) the Mach number, (c) the temperature, and (d) the pressure. 


Solution: The low design pressure definitely indicates a supersonic condition: 


p _ 9800 


Po 360000 





= 0.0272 = (14+0.2Ma7z)°>° , solve for Ma, = 3.00 


A® * 
Choked: m = myx = 0.6847 Po® = 0.6847 A , Solve A*=0.0012 m? Ans.(a) 


JRT, [287(376) 





Find T; in front of the shock and then use the normal shock conditions: 
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T, = T, (1+0.2Maf) = (3716K)/[1+0.2(3.0)°] = 134K 

Table B.2, Mą=3.0: Ma, = 0.475 Ans.(b) 

T> IT, = 2.6719, T, = (2.6719)\(134K) = 360K Ans.(c) 

p2/ pı = 10.333 , p» = (10.333)(9800) = 101,300Pa Ans.(d) 


The problem worked out so that the external pressure was 1 atm. 





9.62 An atomic explosion propagates into still air at 14.7 psia and 520°R. The pressure 
just inside the shock is 5000 psia. Assuming k = 1.4, what are the speed C of the shock 
and the velocity V just inside the shock? 


Solution: The pressure ratio tells us the Mach number of the shock motion: 


2 
p/P; = 2090 L 340 = Z eMir N. solve for Ma, ¥17.1 
14.7 2.4 


a, = J1.4(1717)(520) =1118 ft/s, ~. V, =C =17.1(1118) = 19100 a Ans. (a) 
s 
We then compute the velocity ratio across the shock and thence the relative motion 
inside: 
_ 0.4(17.1)° +2 
2.4(17.1) 


Then Vincige = C—V> = 19100-3240 ~ 15900 ft/s Ans. (b) 


BN, =0.1695, V; =0.1695(19100) =3240 fi/s 
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9.63 Sea-level standard air is sucked into 
a vacuum tank through a nozzle, as in 
Fig. P9.63. A normal shock stands where 
the nozzle area is 2 cm^, as shown. Sea-level air —= 
Estimate (a) the pressure in the tank; and 
(b) the mass flow. 






Solution: The flow at the exit section (“3”) Fig. P9.63 
is subsonic (after a shock) therefore must 
equal the tank pressure. Work our way to 1 and 2 at the shock and thence to 3 in 
the exit: 
101350 


=101350 Pa, A,/A*=2.0, thus Ma, ~2.1972, p,=———~—— 
Poi 1 1 Pi (1+0.2(227 


=~ 9520 Pa 


Po _ 2.8(2.2) -0.4 
Pi 2.4 
Also compute Až/AŤ =1.59, or A} =1.59 cm? 


=5.47, <. p, =5.47(9520) = 52030 Pa 


Also compute po2 = 101350/1.59 = 63800 Pa. Finally compute A;/A3 =3/1.59 =1.89, 
read Ma3 = 0.327, whence p3 = 63800/[1 + 0.2(0.327)2]>> ~ 59200 Pa. Ans. (a). 
With To = 288 K, the (critical) mass flow = 0.6847poA*/V(RTo) = 0.0241 kg/s. Ans. (b) 





P9.64Air, from a reservoir at 350 K and 500 kPa, flows through a converging-diverging 
nozzle. The throat area is 3 cm’. A normal shock appears, for which the downstream 
Mach number is 0.6405. (a) What is the area where the shock appears? Calculate (b) the 
pressure and (c) the temperature downstream of the shock. 


Solution: This Maz = 0.6405 occurs right in Table B.2, and we read Ma; = 1.70. (a) 
Hence, for isentropic flow up to that point, from Eq. (9.45), 


243 
A _ (1 1+020.70)71 


a a ae = 1.3376 , Agnock = (1.3376)(3cm”)= 4.0 cm” Ans.(a) 


(b) Calculate pressure before and after the shock: 
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Read Table B.1: ZŁ = 0.2026, p, = (0.2026)(S00kPa) = 101.3 kPa 
Po 


Read Table B.2 at Ma, =1.7: Po 3.205; pz = (3.205)(101.3) = 325 kPa Ans.(b) 
Pi 


(c) Do the same thing as (b) to determine temperature downstream of the shock: 


Read Table B.1: 2 = 0.6337, p, = (0.6337)(350K) = 222K 


oO 


T, 
Read Table B.2 at Ma, =1.7: T = 1.4583; T, = (1.4583)(222) = 323K Ans.(c) 
1 





9.65 Air flows through a converging- 
diverging nozzle between two large 
reservoirs, as in Fig. P9.65. A mercury 
manometer reads h = 15 cm. Estimate the 
downstream reservoir pressure. Is there a 
shock wave in the flow? If so, does it stand 
in the exit plane or farther upstream? 


A, = 10 cm? 





Solution: The manometer reads the pres- 
sure drop between throat and exit tank: Fig. P9.65 


Pinost ~Pranki = Pmereury — Pair) gh ~ (13550 —0)(9.81)(0.15) 19940 Pa 


The lowest possible — Pinroat = P* = 0.5283(300) = 158.5 kPa, for which p, ~ 138.5 kPa 


But this pe is much lower than would occur in the duct for isentropic subsonic flow. 


We can check also to see if isentropic supersonic flow is a possibility: With Ae/A* = 3.0, 
the exit Mach number would be 2.64, corresponding to pe = 0.047po ~ 14 kPa (?). This is 
much too low, so that case fails also. 


Suppose we had supersonic flow with a normal shock wave in the exit plane: 


2 
A,/A* =3.0, Ma, ~2.64, p, =14 kPa, Pismbi2. a =e 
Pe 





=7.95, 


OF: Ptanky2 = 7-95(14) = 113 kPa, compared to pian, (manometer reading) ~ 138.5 kPa 
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This doesn’t match either, the flow expanded too much before the shock wave. Therefore 
the correct answer is: a normal shock wave upstream of the exit plane. Ans. 





9.66 In Prob. 9.65 what would be the 
mercury manometer reading if the nozzle 
were operating exactly at supersonic 
“design” conditions? 


A, = 10 cm? 


Solution: We worked out this idealized 
isentropic-flow condition in Prob. 9.65: 





Fig. P9.65 
Design flow: Ag 3.0, Ma, =2.64, p, =14 kPa=Dianus P* =Pthroat = 158.5 kPa 


AX 
Then p,—p, =158500—14200 = 144300 = (13550 -—0)(9.8 Dh, 
solve h#1.09m Ans. 








P9.67 A supply tank at 500 kPa and 400 K feeds air to a converging diverging nozzle whose 
throat area is 9 cm’. The exit area is 46 cm’. State the conditions in the nozzle if the pressure 
outside the exit plane is (a) 400 kPa; (6) 120 kPa; and (c) 9 kPa. (d) In each of these cases, 
find the mass flow. 


Solution: For reference purposes, find the design (isentropic supersonic) condition for this 
nozzle: 





A 46 cm? 
E design T Ko = 5.111 ; Table B.1:Read Ma gesign = 3.20 
cm 
p 500,000 Pa 
Pexit,design = s = = 10140 Pa 


(1+0.2Ma?)*> [1 +.0.2(3.20)? 5 


This immediately establishes what happens in case (c): 
Poutside = 9000 Pa < Paesign, hence supersonic expansion outside the exit (Case I, Fig. 9.12) 


Now determine the outside pressure if there is a normal shock in the exit plane: 


Ma, = 3.20; TableB.2: p/p, = 11.78 , hence p> = (11.78)(10140) = 119,500 Pa 
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This is close enough to case (b), a back pressure of 120 kPa, that we can say 
there is a normal shock in the exit. (case F, Fig. 9.12) Ans.(b) 


Finally, check the situation if the nozzle downstream of the throat is subsonic-isentropic: 


A 46 cm? 
ADEF So = 5.111 ; Table B.1:Read Maupsonic = 0.114 
cm 
p 500,000 Pa 
P exit subsonic 2 = = 495,000 Pa 





(14+0.2Ma?)°> [1 +.0.2(0.114)? 75 
This is greater than case (a), a postulated back pressure of 450,000 Pa. 


Thus case (a) will result in a normal shock just downstream of the throat. (Case D, Fig. 9.12) 


In all three cases, the throat is choked, hence the mass flow is maximum: 





Hit = rimax = 0.6847 P22 = 09,6847 50000 )0.0009) _ o.909K8 Ans.(a,b,c) 
JRT, (287)(400K) s 





9.68 Airin a tank at 120 kPa and 300 K exhausts to the atmosphere through a 5-cm?-throat 
converging nozzle at a rate of 0.12 kg/s. What is the atmospheric pressure? What is the 
maximum mass flow possible at low atmospheric pressure? 


Solution: Let us answer the second question first, to see where 0.12 kg/s stands: 


_ 0.6847p,A* _ 0.6847(120000)(0.0005) 


rh 
S RT, 287(300) 


~0.140kg/s Ans. (b) (if Pam <63 KPa) 





So the given mass flow is about 86% of maximum and patm > 63 kPa. We could just go 
at it, guess the exit pressure and iterating, or we could express it more elegantly: 


T, tM 
h=pAV=— æ —AMa AR ee 
(1+0.2Ma*)* 1+0.2Ma? (1+0.2Ma°) 


where Const = 0.2419 in SI units. Ifm =0.12 kg/s, we thus solve for Ma: 
Ma x 0.496(1+0.2Ma’)*® to obtain Ma ~ 0.62, Pym ¥92.6kPa Ans. 
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9.69 With reference to Prob. 3.68, show that the thrust of a rocket engine exhausting 
into a vacuum is given by 


Poe (1+k Ma?) 


F= k1 K-I) 
(1+ ‘| vu?) 
2 


where Ae = exit area 
Mae = exit Mach number 
p0 = stagnation pressure in combustion chamber 


Note that stagnation temperature does not enter into the thrust. 


Solution: In a vacuum, patm = 0, the solution to Prob. 3.68 is 
F=pA.V. +A.(p.-0)=A,(p. +2.V2), 
but p,V2 =kp.Ma2, hence F=p,A, (1 + kMa_) 


ki-i) A,(1+kMaz 
a Po e + ae 
Ma?) , 7 Fs ( ) 


: : k 
For isentropic flow, p, = pall + a oT Ans. 
[1 + KA Ma?) 


e 





P9.70 Air, with po = 500 kPa and T, = 600 K, flows through a converging-diverging 
nozzle. The exit area is 51.2 cm?, and the mass flow is 0.825 kg/s. What is the highest 
possible back pressure that will still maintain supersonic flow inside the diverging 
section? 


Solution: Naturally assume isentropic flow with k = 1.40. If the flow is to be supersonic, 
there must be a choked throat. Find its area: 





$ x 
fn = rimax = 0.6847 P22 = 0,6847 COO A* _ 0,825 %8 


JRT, SETO) s 


Solve for A* = Ahroat = 0.0010m? = 10cm? 


With A* known, we find the desired supersonic Mach number in the exit plane: 
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A 2cm? 
Ae _ SL2em L 512; Table B.1 or Eq.(9.48): Ma, = 3.2 


A* 10cm? 
= Bos fs ss OO a 
1+0.2Ma2)P> — [14+0.23.2)2 





If 10,100 Pa were the back pressure, that would be the design condition. The highest 
possible back pressure would cause a normal shock in the exit plane and still allow 
supersonic flow inside: 


Normal shock : Ma, = 3.2 ; Table B.2: May = 0.4643 , P2 ~ 11.78 
Pi 


Then py = Ppmax = (11.78)10100) = 119,000 Pa Ans. 





P9.71 A converging-diverging nozzle has a throat area of 10 cm? and an exit area of 20 cm’. 
It is supplied by an air tank at 250 kPa and 350 K. (a) What is the design pressure at the exit? 
At one operating condition, the exit properties are p, = 183 kPa, T, = 340 K, and V, = 144 m/s. 
(b) Can this condition be explained by a normal shock inside the nozzle? (c) If so, at what 
Mach number does the normal shock occur? [Hint: Use the change in A* to locate, if 
necessary, this position. ] 


Solution: First find the design conditions and also the actual Mach number at the exit: 














2 
Be = Oem 2 90S Table BEES! Mags = 21972 = 220 
A* 10cm? esign 
Pdesign = Pos A ud 220,000 sae = 23,500Pa Ansa) 
(1+0.2Ma2)>> [1+ 0.2(2.1972)? 
Actual Ma, = Ve ms = 0.390 (subsonic ) 


VERT, _J1.4(287)40K) 
So the actual exit flow is nowhere near design conditions. If we were so careful as to check for 
a normal shock in the exit plane, we would find an exit pressure of 128 kPa, much less than the 
given value of 183 kPa. Then yes, there is a normal shock inside the nozzle. Ans.(b) 

(c) To find where the shock is located, calculate the stagnation pressure and/or the area A*2 
for the given exit conditions. 
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Po2 = Pe(1+0.2Ma2)?5 = (183 kPa)[l + 0.2(0.389)7 °° = (183)(1.110) = 203.1kPa 


A 
At Ma, = 0.389 — = 1.627 = 


Az A 
Either one of these will tell us the Mach number where the normal shock occurred: 


Por _ 203.1kPa 
Pot 250 kPa 


Ay _ 12.3cm* 
2 = Lasem = 1.23 ; TableB.2 or EES: Ma, 


AL 10.0cm? 





2 
Aem ; Solve A, = 12.3 cm? 


= 0.8124 ; TableB.2 or EES: Ma, ~ 1.80 Ans.(c) 





a 


1.80 Ans.(c) 





9.72 A large tank at 500 K and 165 kPa feeds air to a converging nozzle. The back 
pressure outside the nozzle exit is sea-level standard. What is the appropriate exit 
diameter if the desired mass flow is 72 kg/h? 


Solution: Given To = 500 K and po = 165 kPa. The pressure ratio across the nozzle is 
(101.35 kPa)/(165 kPa) = 0.614 > 0.528. Therefore the flow is not choked but instead exits at 
a high subsonic Mach number, with pthroat = patm = 101.35 kPa. Equation (9.47) is handy: 


21k (k-1)/k 
2k | p 1 p 
k-1 Po Po 






m |RT, 


pr _ (72/3600) 4287(500) _ 4.59E-5 m? 
A Pp, 


A 165000 A 


2/1.4 0.4/1.4 
_ /20.4)(101 (101 EURT 
0.4 (165 165 


Solve for A, =6.82E-5 m° = a D? 


e. exit? 





Solve Dei, = 0.0093 m Ans. 


The exit Mach number is approximately 0.86. 





9.73 Air flows isentropically in a converging-diverging nozzle with a throat area of 3 cm. 


At section 1, the pressure is 101 kPa, T1 = 300 K, and V1 = 868 m/s. (a) Is the nozzle 
choked? Determine (b) A1; and (c) the mass flow. Suppose, without changing stagnation 
conditions of Al, the flexible throat is reduced to 2 cm*. Assuming shock-free flow, will 
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there be any changes in the gas properties at section 1? If so, calculate the new p1, V1, 
and T1 and explain. 
Solution: Check the Mach number. If choked, calculate the mass flow: 


Ma, = Hi = CERES =2.50 Supersonic: the nozzle is choked. Ans. (a) 


A, f1.4(287)G00) 
P, =101[1+0.2(2.50) =1726 kPa; T, =300[1+0.2(2.50}]=675 K 
At Ma, =2.50, | =2.64 ~. A =2.64(3)=7.91cm? Ans. (b) 


k 
in = m,,,, =0.6847 Pe, = 0,6847 7260000.0003) 


JRT, J287(675) 


If po and To are unchanged and the throat (A*) is reduced troni 3.0 to 2.0 cm? , the mass 
flow is cut by one-third and, if Al remains the same (7.91 cm 2), the area ratio changes 
and the Mach number will change at section 1: 





=0.805 2 Ans. (0) 
sS 


Ai ud US .955; Table B.1: read Ma pew = 2.928 
Æ, 20 : 


new 





New 


Since the Mach number changes, all properties at section 1 change: 





1726000 
Pinew = 1 235 52300 Pa 
mew T 4+0.2(2.928} F 
e E 
”w T1+.0.2(2.928)" ] 
Vi new = 2.928,/1.4(287)(249) = 926 
z S 


A practical question might be: Does the new, reduced throat shape avoid flow separation 
and shock waves? 





P9.74 Use your strategic ideas, from part (b) of Prob. P9.40, to actually carry out the 
calculations for mass flow of steam, with po = 300 kPa and T, = 600 K, discharging 
through a converging nozzle of choked exit area 5 cm*. Take advantage of the new EES 
thermodynamic function SPEEDSOUND(Steam, p = pi, s = 81). 
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Solution: Using EES for real steam, we don’t have these nice power-law formulas, but 
we can use the energy equation and the continuity equation and the fact that the entropy 
is constant: 


Energy: h + Vv =h, ; Continuity: m= pAV = constant; s =s, = constant 


First establish sy and A, from the given p, and T.: 


S, = Entropy(Steam, p=300,T =600) = 7.7952kJ /(kg — K). 

h, = Enthalpy(Steam, p=300,T =600) = 3123.8 kJ/kg 
Then guess an exit velocity V, which we know, from Prob. 9.40a, lies somewhere 
between 500 and 600 m/s. Compute h from energy, then compute p = p(h, so) from the 
EES thermophysical functions. This enables us to calculate the (guessed) mass flow = 
PAV. Is ita maximum? Probably not. Keep changing V until you reach a maximum 
mass flow and a Mach number of 1.0. The final result obtained by the writer is 


At the exit: Ma =1.0, V = 559 m/s, p = 0.683kg /m°, m= m 


max 


= 0.191 ŽE Ans. 
s 


Here is a plot of the exit mass flow versus velocity, from an EES Table: 


0.191 


















0.1905 } 
0.19} 
s maximum flow 
= 01805} = 0.191 kg/s 
E 
8 at V = 559 m/s 
E 
0.189} 
0.1885 
0.188 , , , , 
500 520 540 560 580 600 


Ve [m/s] 
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And here is a plot of the exit Mach number versus velocity, from an EES Table. Each 
time we changed V, we calculated a new SOUNDSPEED and a new Ma = V/a. 


11 i 





1.075} 


1.05} 


1.025} 


0.975 } 


Mach 


0.95 + 


0.925 


0.9 





500 520 540 








Ma = 1.0 at 
V = 559 m/s 7 





560 580 600 


Ve [m/s] 





9.75 A double-tank system in Fig. P9.75 
has two identical converging nozzles of 
l-in? throat area. Tank 1 is very large, and 
tank 2 is small enough to be in steady-flow 
equilibrium with the jet from tank 1. 
Nozzle flow is isentropic, but entropy 
changes between 1 and 3 due to jet 
dissipation in tank 2. Compute the mass 
flow. (If you give up, Ref. 14, pp. 288-290, 
has a good discussion.) 





Ar = (4) 


100 Ibf/in2 abs 
520°R 





ae 
bas 
10 Ibf/in? abs 






Fig. P9.75 


Solution: We know that p1V1 = p2 V2 from continuity. Since patm is so low, we may 
assume that the second nozzle is choked, but the first nozzle is probably not choked. We 
may guess values of p2 and compare the computed values of flow through each nozzle: 


Assume 2nd nozzle choked: ,V; = 


. _ 100 2%35 
Guess p, %80 psia: SD =(1+0.2Ma?) or Ma, = 0.574, then p, ~ 0.0138 


0.6847p, 
V(RT,) 


with T, =520°R = constant 


slug 


ft? 
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and V,*621 ft/s, or p,V, *8.54 slug/s-ft”, whereas p,V; ~8.35 slug/s-ft” 


slug slug 
2 


Guess p, 81 psia: Ma, ~0.557, 9, V,=8.38 and pV; =8.45 


s-ft sft? 


Interpolate to: p, ~ 80.8 psia, Ma, ~0.561, m= pAV=0.0585 slug Ans. 
s 





9.76 A large reservoir at 20°C and 800 kPa is used to fill a small insulated tank through 
a converging-diverging nozzle with 1-cm? throat area and 1.66-cm? exit area. The small 
tank has a volume of 1 m? and is initially at 20°C and 100 kPa. Estimate the elapsed time 
when (a) shock waves begin to appear inside the nozzle; and (b) the mass flow begins to 
drop below its maximum value. 


Solution: During this entire time the nozzle is choked, so let’s compute the mass flow: 
Pye te 0.6847p,A* _ 0.6847(800000)(0.0001) 

ae N(RT,) 287(293) 
Meanwhile, a control volume around the small tank reveals a linear pressure rise with time: 


d Prank vl, or: OP tank x RT,m 
dt| RT, dt v 





x 0.189 kg/s 


; d d 
m, at (Mian) = Fe (PVank) = 


Carrying out the numbers gives 2 z 28123)(0-183) ~ 15900 Ea = constant 


1.0 s 





We are assuming, for simplicity, that the tank stagnation temperature remains at 293 K. 
Shock waves move into the nozzle when the tank pressure rises above what would occur 
if the nozzle exit plane were to have a normal shock: 


if Âe L66 then Ma, =1.98, p= oe ~ 105400 Pa. 
A* 1.0 [1+0.2(1.98} F 
2.8(1.98} — 0.4 
After the shock, P2- 2828 04 2441, P2 = Pink = 441105.4) = 465 kPa 


Pi 2.4 
Above this tank pressure, the shock wave moves into the nozzle. The time lapse is 


_ AP ak, _ 465000 -100000 Pa 


At i = 
shocks in nozzle dp/dt 15900 Pa/s 





=23sec Ans. (a) 
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Assuming the tank pressure rises smoothly and the shocks do not cause any instability or 
anything, the nozzle ceases to be choked when ptank rises above a subsonic isentropic exit: 


Bs =1.66, than Ma, (subsonic) ~ 0.380, p, = == SOW = 724300 Pa 
A* [1+ 0.2(0.38) J” 
A 24300 — 100000 
Then  Atgroking stops © oe ier = 39sec Ans. (b) 
dp/dt 15900 





9.77 A perfect gas (not air) expands isentropically through a supersonic nozzle with an 
exit area 5 times its throat area. The exit Mach number is 3.8. What is the specific heat ratio 
of the gas? What might this gas be? If po = 300 kPa, what is the exit pressure of the gas? 


Solution: We must iterate the area-ratio formula, Eq. (9.44), for k: 


k+1 

T i loa P 
Ma, =3.8, —2=5= 2 
A* T38) K+D/2 





, Solve for k#1.667 Ans. (a) 


Monatomic gas: could be helium or argon. Ans. (b) 


With k known, p, = SOO kEA =3.7 kPa Ans. (c) 


[1 + ([1.667 = 1]/2)(.8)7 ler 








9.78 The orientation of a hole can make a difference. Consider holes A and B in 
Fig. P9.78, which are identical but reversed. For the given air properties on either side, 
compute the mass flow through each hole and explain the difference. 


Solution: Case B is a converging nozzle 
0.2m? p, = 150 kPa, 7, = 20°C 


VUN 


03cm? mh? 





P= 100 kPa 
Fig. P9.78 
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with p2/p1 = 100/150 = 0.667 > 0.528, therefore case B is not choked. Case A is choked 
at the entrance and expands to a (subsonic) pressure of 100 kPa, which we may check 
from a subsonic calculation. The results are: 





Nozzle B: P- 0.667, read Ma, ~ 0.784, T,= =a =261K, 
Po [1+0.2(0.784)°] 
pn eas n a, =324 È, V, =254 È, 
287(261) m s s 


k 
rn = p,A,V, = 0.0068 Ans. (B) 


_ 0.6847(150000)(0.0002) 


aot /287(293) 


Nozzle A) m=m = 0.071 kg (5% more) Ans. (A) 
s 





9.79 A large reservoir at 600 K supplies air flow through a converging-diverging nozzle 
with a throat area of 2 cm”. A normal shock wave forms at a section of area 6 cm2. Just 
downstream of this shock, the pressure is 150 kPa. Calculate (a) the pressure in the 
throat; (b) the mass flow; and (c) the pressure in the reservoir. 


Solution: The throat is choked, and just upstream of the shock is a supersonic flow at 
an area ratio Æ/A* = (6 om2)/(2 cm?) = 3.0. From Table B.1 estimate Ma1 = 2.64. That is, 


3 
1+0.2Ma? 
Az 3.0= oaa: Solve Ma = 2.637 
A 1.728Ma, 


(a, c) The pressure ratio across the shock is given by Eq. (9.55) or Table B.2: 
p 150kPa 
Pi Pi 





= (24Mar -k+1) 
k+1 
= 5721.42.37) ~0.4]=7.95, or p,=18.9 kPa 


3.5 
Prank = Po = Pi (1+ 0.2Ma? ) = (18.9)[1+ 0.2(2.637) > =399kPa Ans. (c) 


At the throat, p= p* =0.5283p, =(0.5283)(399 kPa)=211 kPa _ Ans. (a) 
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(b) To avoid bothering with density and velocity, Eq. (9.46b) is handy for choked flow. 


_ 0.6847p,4* _ 0.6847(399000 Pa)(0.0002 m?) 


M nax 
VAT, \(287m?/s’K)(600K) 





= 0.132 kg/s Ans. (b) 





9.80 <A sea-level automobile tire is initially at 32 Ibf/in? gage pressure and 75°F. When 
it is punctured with a hole which resembles a converging nozzle, its pressure drops to 
15 lbf/in? gage in 12 min. Estimate the size of the hole, in thousandths of an inch. 


Solution: The volume of the tire is 2.5 ft?. With patm ~ 14.7 psi, the absolute pressure 
drops from 46.7 psia to 29.7 psia, both of which are sufficient to cause a choked exit. A 
theory for isothermal blowdown of a choked tank was given in Prob. 9.36: 


A* JRT, 
jossa E 
U 


Ptank = p(O)exp 


> 


or: 


* 
29.7 = 167a -os TES Ea 12x ol 


solve A* = 2.4E-6ft° (d =0.00175 ft = 21 thousandths of an inch) Ans. 





P9.81Air, at po = 160 Ibf/in? and Ts = 300°F, flows isentropically through a converging- 
diverging nozzle. At section 1, where A; = 288 in’, the velocity is V; = 2068 ft/s. 
Calculate (a) May; (b) A*; (c) pi; and (d) the mass flow, in slug/s. 


Solution: That is a high velocity, 2068 ft/s, even higher than the stagnation speed of 


sound, ay = (ART 0)? = 1351 ft/s. So the flow at section | is supersonic. We need to find 
Ma, such that 


V = Maa = Ma, {ERG = Ma, ERT, ie 1.4(1716X300+460) _ soeg Ë 
1+0.2(Ma?) 1+0.2(Ma?) s 


You could iterate, or EES would find the result in a flash: Ma; = 2.10 Ans.(a) 





(b, c, d) The remaining properties follow from the Mach number: 
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A in? 
(b) Ma, =2.10: Table B.1: ĜL =1.837 , A* = ZBI 57in? = 1,089 22 Ans.(b) 
: A* 1.837 
(© pı = Po oa Opie i5 pur = B0 nso) 
[1+0.x(Ma>) PS  [1+0.2(2.)? P P 


(160x144 psf \(1.089 ft?) 
(1716 ft? / s? — R)(160° R) 





(d) m = rinas = (0.6847) 15.04 8 Ans(d) 
S 





9.82 Air at 500 K flows through a converging-diverging nozzle with throat area of 
1 cm? and exit area of 2.7 cm. When the mass flow is 182.2 kg/h, a pitot-static probe 
placed in the exit plane reads po = 250.6 kPa and p = 240.1 kPa. Estimate the exit velocity. Is 
there a normal shock wave in the duct? If so, compute the Mach number just downstream of 
this shock. 


Solution: These numbers just don’t add up to a purely isentropic flow. For example, 
po/p = 250.6/240.1 yields Ma ~ 0.248, whereas A/A* = 2.7 gives Ma = 0.221. If the mass 
flow is maximum, we can estimate the upstream stagnation pressure: 


2 2 
i Z m, = 1822 2 9,647 Poul 0.0001) 
3600 287(500) 


This doesn’t check with the measured value of 250.6 kPa, nor does an isentropic choked 
subsonic expansion lead to pexit = 240.1—it gives 271 kPa instead. We conclude that 
there is a normal shock wave in the duct before the exit plane, reducing po: 


o1 = 280 kPa 


Poo _ 250.6 


= =0.895 if Ma, ~1.60 and Ma,#0.67 Ans. (b) 
Poi 280.0 





Normal shock: 





A. =2.42, Ma, ~ 0.248 (as above) 
2 


c a A K, a, =kRT, =445 ™, v,=Ma,a, ~110 ™ 
[1 + 0.2(0.248)"] s s 


This checks with A} ~1.12 cm’, 


e= 





9.83 When operating at design conditions (smooth exit to sea-level pressure), a 
rocket engine has a thrust of 1 million lbf. The chamber pressure and temperature are 
600 Ibf/in~ absolute and 4000°R, respectively. The exhaust gases approximate k = 1.38 
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with a molecular weight of 26. Estimate (a) the exit Mach number and (b) the throat 
diameter. 


Solution: “Design conditions” mean isentropic expansion to pe = 14.7 psia = 2116 
Ibf/ft*: 


1.38/0.38 
Po 600 _ 40.8 = h + (1 = t) maz | , solve for Ma, % 3.06 Ans. (a) 


Pe 14.7 





From Prob. 3.68, if pe = pa, 


F=2,A,V. =kp,A,Maz = 1.38(2116)A, (3.06) =1E6 Ibf, solve A, ~ 36.6 ft? 
Assuming an isentropic expansion to Mae ~ 3.06, we can compute the throat area: 


2.38 





2(0.38) 
Me ae ee ee a 
4.65 4 





A, 36.6 1 | 2+0.38(3.06) 
A* A* 3.06] 138+1 


Solve for throat diameter D* 3.2 ft Ans. (b) 





9.84 Air flows through a duct as in 
Fig. P9.84, where A1 = 24 cm?, 42 = 18 
cm?, and 43 = 32 cm?. A normal shock 
stands at section 2. Compute (a) the mass 
flow, (b) the Mach number, and (c) the 
stagnation pressure at section 3. 





Ma, =2.5 shock 





Solution: We have enough information p, = 40 kPa 
at section 1 to compute the mass flow: T, =30°C 
Fig. P9.84 
a, = 41.4(287)(30 +273) = 349 m/s, V, =2.5(349) = 872 = A= Pi _ 0,46 KS 
s RT, m 


Then m= p,A,V, =0.46(0.0024)(872) ~ 0.96 kg/s Ans. (a) 
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Now move isentropically from 1 to 2 upstream of the shock and thence across to 3: 


Ma; =2.5, ». = =2.64, Aï = 2A 9.1 cm, and NO 1.98 
At 2.64 At 9.1 
Read Ma, upstream © 2-18, Poi = Poz = 40[1 + 0.2(2.5) 7 =~ 683 kPa, across the 


AS A 
shock, mee =1.57, A} =14.3 cm’, a =2.24 
A3 A3 





Ma, z 0.27 Ans. (b) 


sub? 
Finally, go back and get the stagnation pressure ratio across the shock: 


at Ma, ~ 2.18, Pe} ~0.637, =. po =0.637(683) = 435kPa Ans. (c) 


Poo 





P9.85 A typical carbon dioxide tank for a paintball gun holds about 12 oz of liquid CO2. The 
tank is filled no more than one-third with liquid, which, at room temperature, maintains the 
gaseous phase at about 850 psia. (a) If a valve is opened that simulates a converging nozzle 
with an exit diameter of 0.050 in, what mass flow and exit velocity result? (b) Repeat the 
calculation for helium. 


Solution: For CO, from Table A.4, R = 189 J/kg-K and k = 1.30. By “room temperature” we 
assume 7, = 293 K. Convert po = 853 psia = 5.86 MPa. Convert Dexit = 0.050 in = 0.00127 m. 
Assume an outside pressure of 1 atm, which ensures that the flow through the nozzle will be 
choked. The maximum mass flow results, Eq. (9.46a), and Vexit = V*, Eq. (9.33): 





* 2 
Cosh =1.30: rh = 0.6673 Pe] 9s OO 90.00127 m) 


JRT, /(189)(293) 


and Veg =V*= is RT, = 2(1-3)_4g9)(293) = 2507  Ans.(a) 
k+l (.3+1) sS 


(b) For helium, from Table A.4, R = 2077 J/kg-K and k = 1.66. Then 


= 0.021 ¥2 Ans(a) 
S 





A* ; . ? 
Helin E166 2000s = 66913 EO 


JRT, (2077)(293) 


and Vu =V*= | 2% RT, = ZAL:96) (2077 )(293) = 872 Ans.(b) 
É k+1 (1.66 +1) s 








=0.0069Ž8 Ans.(b) 
S 








694 Solutions Manual e Fluid Mechanics, Seventh Edition 





9.86 Air enters a 3-cm diameter pipe 15 m long at V1 = 73 m/s, p1 = 550 kPa, and 
Tı = 60°C. The friction factor is 0.018. Compute V2, p2, T2, and p02 at the end of the 
pipe. How much additional pipe length would cause the exit flow to be sonic? 
Solution: First compute the inlet Mach number and then get (fL/D)1: 
3 fL 
a, = V1.4(287)(60 + 273) =366 —, Ma, = T3 050s read e = 14.53, 

s 366 D 

for which p/p* = 5.4554, T/T* = 1.1905, V/V* = 0.2182, and p,/p* = 2.9635 


Then (fL/D)2 = 14.53 — (0.018)(15)/(0.03) = 5.53, read Ma2 ~ 0.295 


At this new Maz, read p/p* ~ 3.682, T/T* = 1.179, V/V* ~ 0.320, p,/p* ~ 2.067. Then 


V,/V* 0.320 
V, =V, oN -13( 
vV/v* 0.218 





J= 107 mM Ans. (a) 
S 





3.682 
= 550) —— |x 371 kPa Ans. (b 
P2 63 (b) 
T, =333 1179) 330K Ans. (© 
1.190 


Now we need p,, to get poz: 


Por = 550[1 + 0.2(0.2)"]*° = 566 kPa, so po = 366 





) z 394 kPa 


The extra distance we need to choke the exit to sonic speed is (fL/D)2 = 5.53. That is, 


AL = 553P =5.53 ae 
f 0.018 





=9.2m_ Ans. 





P9.87 Problem C6.9 gives data for a proposed Alaska-to-Canada natural gas (assume CH4) 
pipeline. If the design flow rate is 890 kg/s and the entrance conditions are 2500 Ibf/in* and 
140°F, determine the maximum length of adiabatic pipe before choking occurs. 
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Solution: For CH;, from Table A.4, R = 518 m/s% -K, k = 1.32, and u = 1.03E-5 kg/m-s. 
Convert to SI units: pı = 2500 psi = 1.72E7 Pa, D = 52 in = 1.321 m, Tı = 140°F = 333 K. 
From the ideal gas law and the known mass flow, find the entrance density and pressure: 


A= Pin, SET 99.9 kg/m? 
RT, (518)(333) 


V = M aa 82 z = 650m/s 
P(r 4D (99.9)(7/4)(1.321) 





We can now find the Reynolds number and the smooth-wall friction factor: 


PVD _ (99.9)(6.50)(1.321) 





Rep = = 8.33E7 
1.03E -5 
Smooth wall, Eq.(6.48) : se =20 logio TF ) yields f = 0.00608 
Jf Rep T 
Find the entrance Mach number: 
Ma = We $30 Leai 0.0136 


JkRT, — f1.32(518)(333) 477.2 


Now apply Eq. (9.66) for compressible adiabatic flow with friction, for k = 1.32: 


fL* 1-Ma’ klar (k + 1)Ma? 
D  kMa 2k 2+(k-1)Ma, 





] = 4074 for k =1.32 and Ma = 0.0136 


This yields L*, the pipe length which will cause choking: 





* 
L* = (5P = (4074224 = 885,000m = 550 miles Ans. 
Df 0.00608 





P9.88 Air flows adiabatically through a 2-cm-diameter pipe. Conditions at section 2 are 
p2 = 100 kPa, 77 = 15°C, and V2 = 170 m/s. The average friction factor is 0.024. At section 
1, which is 55 meters upstream, find (a) the mass flow; (b) pı; and (c) poi. 
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Solution: The mass flow is the same at sections 1 and 2, so use section 2 to calculate 
To find things at section 1, we need compressible pipe-flow theory. It happens that the given 
data simulates the situation in Examples 9.10 and 9.11 in the text. At section 2, 


Pr _ 100,000 _, , kg. 





ti = pAV = (1.21) a (0.02)? (170) = 0.0646 “8 Ans.(a) 














P2= RT, 2878K) ae 
ay = JKRT = JLAQ8T)QBBK) =340m/s 5 Ma, = V2 =1Om/s _ 959 
ay 340m/s 
Tae Bay =1.0691 ; Then Ei = Æp +E = pene Om _ 
D D’? D 0.02m 
= 1.0691 + 66.0 = 67.0691 TableB.3: Read Ma, = 0.100 
Table B.3: 72 = 2.1381 , P! = 10.9435 
p* p* 
ok 
Then pı = p> Bil PE = gokPa LSLS = 512kPa Ans.b) 
Pal p* 2.1381 


Poi = pil +0.2Ma? P> = 51201 +0.2(0.)? P3 = 516kPa Ans.(c) 


We need the pressure ratios to finish the problem, and then calculate poı from the Mach number 





9.89 Carbon dioxide flows through an insulated pipe 25 m long and 8 cm in diameter. 
The friction factor is 0.025. At the entrance, p = 300 kPa and T = 400 K. The mass flow is 
1.5 kg/s. Estimate the pressure drop by (a) compressible; and (b) incompressible (Sect. 6.6) 
flow theory. (c) For what pipe length will the exit flow be choked? 
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Solution: For CO2, from Table A.4, take k =1.30 and R = 189 J/kg-K. Tough 


calculation, no appendix tables for CO2, should probably use EES. Find inlet density, 
velocity, Mach number: 


300000P k 
aoe * ___397 “8 
RT, (189 J/kg-K)(400K) m 





nis E-pAy (3.97 ig) (2) (0.08 m)°V,, Solve for V, =75.2 m/s 
S 


75.2 m/s 75.2 m/s 


ae (1.3)(189m7/s”-K)(400K) ~ 313.5m/s 


Between section | (inlet) and section 2 (exit), the change in (fZ /D) equals (0.025)(25 m)/ 
(0.08 m) = 7.813. We have to find the correct exit Mach number from this change: 


1- Ma? etl (k+1)Ma? | 


=0.240 


Dm me Oe ME 

For k=1.3 and Ma =0.240 compute (fL*/D); =10.190 

Then (JL*/D), =10.190 -7.813 =2.377 for what Mach number? 

Then iterate (or use EES) to the exit value Ma, = 0.408 

Now compute p,/p*=4.452 and p,/p*= 2.600 

Then p, =p,(p,/p*)/(p,/p*) = (300 kPa)(2.600)/(4.452) =175 kPa 

The desired compressible pressure drop =300—175=125kPa_ Ans. (a) 
(b) The incompressible flow theory (Chap. 6) simply predicts that 


3 2 
NDine = Erg =(7. ain (227k [s2 =) =88000Pa=88 kPa Ans. (b) 
S 


The incompressible estimate is 30% low. Finally, the inlet value of (fL/D) tells us the 
maximum possible pipe length for choking at the exit: 


_JL*| (D 0.08 m 
(?)- (10 19% oam) 32.6m Ans. (c) 


L max 
D 
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P9.90 Air flows through a rough pipe 120 ft long and 3 inches in diameter. Entrance 
conditions are p = 90 lbf/in?, T = 68°F, and V = 225 ft/s. The flow chokes at the end of the 
pipe. (a) What is the average friction factor? (b) What is the pressure at the end of the pipe? 


Solution: Find the Mach number at the entrance: 


VERT, = 41.41716 ft? / s? —° RX(460+68°R) = 1126 ft/s 


Maa a eE 9.900 
ta (1126 ftls ` 


Excellent, this Mach number is right in Table B.3._ Read fL*/D = 14.5333. Then 


f= LP . = (14. 5333 = 0.0303 Ans.(a) 





A, 
207 


Also, in Table B.3, we can read the pressure ratio: 


Ma =0.20, Æ = 5.4554, hence p*= psia L 16.5 a Ans.(b) 
p* 


5.4554 in 








9.91 Air flows steadily from a tank through the pipe in Fig. P9.91. There is a 
converging nozzle on the end. If the mass flow is 3 kg/s and the flow is choked, estimate 
(a) the Mach number at section 1; and (b) the pressure in the tank. 






L=9m,D=6cm D,=5 cm 


© 


P, = 100 kPa 






Nozzle 


Fig. P9.91 
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Solution: For adiabatic flow, T* = constant = To/1.2 = 373/1.2 = 311 K. The flow 
chokes in the small exit nozzle, D = 5 cm. Then we estimate Ma2 from isentropic theory: 


2 
Ara ($2) =1.44, read Ma,(subsonic) ~ 0.45, for which fL/D|,~ 1.52, 
A* 5cm 


po/p* = 2.388, pyo/p* = 1.449, p)/p*~2.070, T,/T*=1.153 or T, *359K 


; 9 Ke P2 B 2 HIONA 
Given m=3 —=),A,V, =——=—| — |(0.06) (0.45),/1.4(287)(359), 
Vv 3 P2 V2 287(359)| 4 ( y( ) (287) 


Solve for p, ~640 kPa. Then p* = 640/2.388 = 268 kPa 
At section 1, Es 2 Ak =1.52+ 9:0250) 
D D D 
for which p,/p**3.6, or p, *3.6(268) = 965 kPa. 
Assuming isentropic flow in the inlet nozzle, 


Prank ¥ 965[1 +.0.2(0.30)° ° + 1030kPa Ans. (b) 





=5.27, read Ma, ~0.30 Ans. (a) 





P9.92 Air enters a S-cm-diameter pipe at 380 kPa, 3.3 kg/m*, and 120 m/s. The friction 


factor is 0.017. Find the pipe length for which the velocity (a) doubles; (b) triples; and 
(c) quadruples. 


Solution: First find the conditions at the entrance, which we will call section 1: 





T, = 2L = 28000 _ UI ily ee -029 
Rp; 287 (3.3) JKRT, ./1.4(287)(401) 
Table B.3 or EES: V,/V* = 0.3245 , fL/D = 5.353 


(a) Since V* is constant, we simply double (V;/V*) and find the new Mach number: 


(a) Double = = 0.6490 ; Table B.3: Ma, = 0.6144 , fLIDh, = 0.4367 


0.05 


i D fL fL 
P length L = | ln) = 5.353 -0.4367) = 14.46 Ans. 
ipe leng C 1 D 2) T07 ) m ns.(a) 
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(b) Again, since V* is constant, we simply triple (V;/V*) and find the new Mach number: 


(b) Triple = = 0.9735 ; Table B.3: Ma, = 0.9684 , fL/DI\|, = 0.0013 


Pipe length L = D A fly.) mrs (5.353 —0.0013) = 15.74m Ans.(b) 
f D D 0.017 


(c) We are already at choking, it is impossible to quadruple the velocity for this flow. Ans.(c) 








9.93 Air flows adiabatically in a 3-cm-diameter duct with f = 0.015. At the entrance, 
V = 950 m/s and T = 250 K. How far down the tube will (a) the Mach number be 1.8; and 
(b) the flow be choked? 


Solution: (a) Find the entrance Mach number and its value of fL/d: 
950 


Ma = T8250) 


read fe = 0.2419; a(s) = 0.5222 —0.2419 = 0.28, 


L 
=3.00; Table B.3: read fe =0.5222; at Ma, =1.8, 
D 


_ 0.28(0.03) 
0.015 
(b) To go all the way to choking requires the full change 


=0.56m Ans. (a) 


fALI/D = 0.5222, or: AL gyoye = (0.5222)(0.03)/(0.015) = 1.04 m Ans. (b) 





9.94 Compressible pipe flow with friction, Sec. 9.7, assumes constant stagnation 
enthalpy and mass flow but variable momentum. Such a flow is often called Fanno flow, 
and a line representing all possible property changes on a temperature-entropy chart is 
called a Fanno line. Assuming an ideal gas with k = 1.4 and the data of Prob. 9.86, draw a 
Fanno line for a range of velocities from very low (Ma<<1) to very high (Ma>>1). 
Comment on the meaning of the maximum-entropy point on this curve. 
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Solution: Recall from Prob. 9.86 that, at Section 1 of the pipe, V1 = 73 m/s, p1 = 550 
kPa, and T1 = 60°C = 333 K, with f ~ 0.018. We can then easily compute Ma1 ~ 0.20, 
pl = 5.76 kg/m’, Vmax = 822 m/s, and To = 336 K. Our basic algebraic equations are: 





v2 y? 

Energy: T=T,-——, or: T=336K- (a) 
2c, 2(1005) 

Continuity: pV =p,V,=5.76(73), or: p=420/V (b) 

Entropy: s= 718 In(T/333) — 287 In(p/5.76) (c) 


We simply let V vary from, say, 10 m/s to 800 m/s, compute p from (b) and T from (a) and 
s from (c), then plot T versus s. [We have arbitrarily set s = 0 at state 1.] 


The result of this exercise forms the Fanno Line for this flow, shown on the next page. 
Some Mach numbers are listed, subsonic on the top, supersonic on the bottom, and 
exactly sonic at the right-hand (maximum-entropy) side. Ans. 
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9.95 Helium (Table A.4) enters a 5-cm-diameter pipe at p1 = 550 kPa, V1 = 312 m/s, 
and T1 = 40°C. The friction factor is 0.025. If the flow is choked, determine (a) the length 
of the duct and (b) the exit pressure. 


Solution: For helium, take k = 1.66 and R = 2077 J/kg-K. We have no tables for 
k = 1.66, have to do our best anyway. Compute the Mach number at section 1: 


312 
a, = J(1.66)(2077)(40 + 273) ~ 1039 m/s, Ma, = V,/a, = = 0.300 


1039 





2 2 2 
paseo E0 -206 o| (2.66)(0.3) 


at 3 z 4.37 at section | 
D 1.66(0.3) 2(1.66) | 2+(0.66)(0.3) 


Choked: fL/D|)=0, +. L=4.37D/f = 4.37(0.05)/(0.025)~ 8.7m Ans. (a) 


1 | 2.66 


Mises pi ee e 
PrP = 3| 240.66037 


1/2 
550 
| =3.79, <. Peit = P* = 379 x145kPa Ans.(b) 





9.96 Methane (CH4) flows through an insulated 15-cm-diameter pipe with f = 0.023. 
Entrance conditions are 600 kPa, 100°C, and a mass flow of 5 kg/s. What lengths of pipe 
will (a) choke the flow; (b) raise the velocity by 50%; (c) decrease the pressure by 50%? 
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Solution: For methane (CH4), from Table A.4, take k = 1.32 and R = 518 J/kg-K. 
Tough calculation, no appendix tables for methane, should probably use EES. Find inlet 
density, velocity, Mach number: 

Pi 600000 Pa 311 kg 
“RT, (518J/ke-K)373K) om 





Pı 





m=5kg/s= p,AV, =(3.11 kom) (Joos m)’ V, solve for V, =91.1 m/s 
V, 91.1 m/s 
a, = JkRT, = J1.32(518)(373) =505 m/s, Ma,=— = = 0.180 
: : COAR a, 505 m/s 


Now we have to work out the pipe-friction relations, Eqs. (9.66) and (9.68), for k = 1.32. 
We need fL*/D, V/V*, and p/p* at the inlet, Ma = 0.18: 


fL* l-Ma° k+l (k+1)Ma? 
D kMa® 2k | 2+(k—-1)Ma’ 








|- at Ma,=0.18 and k=1.32 


0.15 m 


Solve L* “1963-7 = 19.63( T ) =128m Ans. (a) 


choking 





(b) First find V/V* and increase it by 50% to find the new condition: 


V; k+1 
M e 
V 2+(k-1)Ma? 





Į/? = 0.1938 if k=1.32, Ma=0.18 


V. 

Then ae = 2(0.1938) = 0.3876 ; Solve for May = 0.2715, fL* /D=7.35 
es 0.15m 

Velocity increases 50% when AL = (19.63 — 7.35) * 0.023 =80m Ans.(b) 


(c) Now find p/p* and decrease it by 50% to find the required pipe length: 


p 1|_ kl = 
p* Mal2+(k-1)Ma? 


Decrease 50% to: p/p*=2.977 Solve for: Ma, = 0.358, fL*/D =3.46 


0.15m 
0.023 


v2 
| =5.954 at Ma,=0.18 and k=1.32 


Solve: AL*= (19.63 3407 = 16.17{ ) =105m_ Ans. (c) 





704 Solutions Manual e Fluid Mechanics, Seventh Edition 


9.97 By making a few algebraic substitutions, show that Eq. (9.74), or the relation in 
Prob. 9.96, may be written in the density form 


( 2k f \ 

3. 2 x2 Pı 

= p, + — — +2In— 

Pi =P, +P ( k+1D r) 

Why is this formula awkward if one is trying to solve for the mass flow when the 
pressures are given at sections 1 and 2? 


Solution: This much less laborious algebraic derivation is left as a student exercise. 
There are two awkward bits: (1) we don’t know pi and p2; and (2) we don’t know p* 
either, and preliminary computations are necessary. 





9.98 Compressible /aminar flow, f = 64/Re, may occur in capillary tubes. Consider air, 
at stagnation conditions of 100°C and 200 kPa, entering a tube 3 cm long and 0.1 mm in 
diameter. If the receiver pressure is near vacuum, estimate (a) the average Reynolds 
number, (b) the Mach number at the entrance, and (c) the mass flow in kg/h. 


Solution: The pipe is choked, “receiver pressure near vacuum,” so L = L* and we need 
only to correctly guess the inlet Mach number and iterate until the Table B.3 value of (fL/D) 
matches the actual value, with f  64/Re from laminar pipe theory. Since Re = pVD/y and 
pV is constant due to mass conservation, Re varies only due to the change in yw with 
temperature (from about 2.1E—5 in the entrance to 1.9E—5 kg/m-s at the exit). We assume 
Lavg ~ 2.0E-5 kg/m-s. Try Mal from 0.1 to 0.2 and find 0.12 to be the best estimate: 


Ma,#0.12 Ans.(b) Table B.3: (fL/D), ~ 45.4, also compute 

1.85(46)(0.0001) 
~2.0B-5 

Then  flaminar ~ 64/430 = 0.15, f(L/D) = 0.15(300) = 45.0 (close enough for me!) 
kg 


The mass flow is m= p,A,V, =1.85(7/4)(0.000 1° (46) = 6.74E-7 —2  Ans.(c) 
s 


(0.00243 kg/h) 


=430 Ans.(a) 





T, =372 K, V, =46 m/s, p, =1.85 kg , Reve 
m 
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9.99 A compressor forces air through a 


smooth pipe 20 m long and 4 cm in P,=101 kPa 
diameter, as in Fig. P9.99. The air leaves at > h 
101 kPa and 200°C. The compressor data T, = 200°C 





for pressure rise versus mass flow are shown Es 
in the figure. Using the Moody chart to Parabola 


estimate Í, compute the resulting mass flow. Ap 

th 
Solution: The compressor performance 0.4 kg/s 
is approximate by the parabolic relation Fig. P9.99 


AP compressor ¥ 250-1563 th”, with Ap in kPa and m in kg/s 


We must match this to the pressure drop due to friction in the pipe. For preliminaries, 
compute pe = pe/(RTe) = 0.744 kg/m’, and ae = V(kRTe) = 436 m/s. Guess the mass flow: 





> 
110.2 kg/s, then Re= -402 255000, fuo =0.015 
nDu  7(0.04)(2.5E-5) 
vy, = Reet BED g a T ai a E a, 
pD  0.74400.04) s 436 Di, 
_ 101000 





also read p,/p* 2.18, p*= ak =~ 46300 Pa 


Then, at the pipe entrance (Sect. 1), we may compute fL/D and find the pressure there: 


0.015(20) 


1- 1.15+ =8.65, read Ma, ~ 0.248, PL ~ 4.39, 
D p* 


P> = 4.39(46300) or p, ~ 203 kPa, 
or APpipe = 203-101 #102 kPa whereas AP.omp ~ 187 kPa (rh too small) 


We increase the mass flow until Appipe ~ Apcompressor. The final converged result is: 


n= 0.256 XZ, Re =~ 326000, f~ 0.0142, V, ~274 ™, Ma, = 0.628, read 
S S 


fL/D|,~ 0.39, p,/p* = 1.68, p* = 60.1 kPa, add fAL/D =7.1 to get fL/D],~ 7.49, 


read Ma, ~ 0.263, p,/p* ~ 4.14, p, +249 kPa, Ap, i,. ¥ 148 kPa = AD compressor (OK) 
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For these operating conditions, the approximate flow rate is 0.256 kg/s. Ans. 





P9.100 Air flows adiabatically through a pipe 10 cm in diameter and 66 m long. 
Entrance conditions are py = 550 kPa, T; = 350 K, and V; = 75 m/s. The average friction 
factor is 0.022. (a) Is the pipe flow choked at the exit? (b) What is the exit pressure? (c) At 
what distance down the pipe is the velocity 184 m/s? 


Solution: Find the inlet Mach number from the given data: 


Vi 75m/s 75 


Ma, = = = 
1 O JKR =~ J 4287B50) 375 


Excellent, this Mach number is right in Table B.3. Read fL*/D = 14.5333. Then find (fL/D) 
at the end of the pipe, x = 66 meters: 


= 0.20 





£] = 14.5333 — eee = 14.5333 -14.52 = 0.0133 = 0 


exit 
Am 


As close as we can calculate, Yes, it is choked at the exit. Ans.(a) 


(b) The exit then must be at (sonic) pressure p*. Calculate this from the inlet pressure: 





Ma, = 0.2: P _ 5.4554 , p= 550 kPa , thus p*= 550kPa 
p* 5.4554 


(c) Go back and find V/V* at the inlet. Then we can move downstream to the new velocity: 


= 101 kPa _ Ans.(b) 


Ma, = 0.2: V/V*= 0.2182 ; thus V* = 75m/s/0.2182 = 344m/s 


Downstream, V/V * = (184m/s)/344m/s = 0.5349 ; Table B.3: Read Ma, = 0.50; then 


fL/ D =1.0691, f SL/ D=14.5333—1.0691 = 13.46; SL =(13.46)(0.1)/.022= 61.2 m Ans.(c) 
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9.101 How do the compressible-pipe-flow formulas behave for small pressure drops? 
Let air at 20°C enter a tube of diameter 1 cm and length 3 m. If f = 0.028 with p1 = 102 kPa 
and p2 = 100 kPa, estimate the mass flow in kg/h for (a) isothermal flow, (b) adiabatic 
flow, and (c) incompressible flow (Chap. 6) at the entrance density. 


Solution: For a pressure change of only 2%, all three estimates are nearly the same. 
Begin by noting that fL/D = 0.028(3.0/0.01) = 8.4, and pl = 102000/[287(293)] ~ 1.213 kg/m?. 
Take these estimates in order: 


P-P (102000)? — (100000)? 


= = =569 
RT[fL/D+2In(p,/p,)] 287(293)[8.4 + 2 1n(102/100)] 


vd 
(a) Isothermal: (*) 
A 


Then ti/A x 23.9, th, 


isothermal 


, = 23.9(7/4)(0.01)" = 0.00187 = Ans. (a) 


(b) Adiabatic: Given T, ~ 293 K, a, =./kRT, =343 m/s, use Eqs. 9.74 and 9.75: 


277 2 
Converges to Mine 0.9803, V? = OBY OORT a 388, or V, 19.7 m/s 
V, 1.4(8.4) +2.4 In(1.02) 


Then th =p,AV, =1.213(7/4)(0.01)°(19.7) = 0.00188 kg/s Ans. (b) 


(c) Incompressible: Ap =(fL/D)(p/2)V*, or 2000 =(8.4)(1.213/2)V’, or V ~19.8 m/s. 


Then rh; = pAV =1.213(z/4)(0.01)° (19.8) = 0.00189 kg/s. Ans. (c) 


incompressible 





9.102 Air at 550 kPa and 100°C enters a smooth 1-m-long pipe and then passes through 
a second smooth pipe to a 30-kPa reservoir, as in Fig. P9.102. Using the Moody chart to 
compute f, estimate the mass flow through this system. Is the flow choked? 





Converging 
nozzle 


Fig. P9.102 


Solution: Label the pipes “A” and “B” as shown. Given (Z/D)A = 20 and (L/D)B = 40. 
Label the relevant sections 1, 2, 3, 4. as shown. With pol/pe = 550/30 = 18.3, these short 
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pipes are sure to be choked, with an exit pressure p4 much larger than 30 kPa. One way 
is to guess Ma1 and work your way through to section 4 to require Ma4 = 1.0 (choked). 
Take a constant average viscosity = 2.2E—5 kg/m-s. Assume isentropic expansion to 
section 1 from the reservoir, frictional flow through pipe A, isentropic expansion from 
2 to 3, and a second frictional flow through pipe B to section 4. The correct solution is 
Mal ~ 0.18: 


373 K 450000 Pa 





Ma, =0.18, T =— 2 _=371K, p = — -3 _ =440000Pa, 
' !  1+0.2(0.18} Pi= 4020.1877 
p = a $8, y = Ma JER, =69.5 ™, Re =2%P4 -653,000 
RT, 281371) m? s u 


Moody chart: f, ~ 0.0125; Table B.3: F | =18.54, FE | = 18.54—0.0125(20) =18.29 
D D 


Pipe A is so short that the Mach number hardly changes. At (fL/D)2 = 18.29, read Ma? ~ = 
0.181. Now, at Ma2 = 0.181, determine A2/A* = 3.26, hence A3/A* = (3. 26)(3/5)" = 
1.17, read Ma3 = 0.613 and (/LID)3 = = 0.442. Stop to calculate p3 = 3.49 kg/m’, V3 = 
229 m/s, ReB = 1.09E6, from the Moody chart, fB= 0.0115. Then (/Z/D)4 = 0.442 — 
0.0115(40) = -0.018. (?) This last value should have been exactly (/L/D)4 = 0 if the exit 
Mach number is 1.0. But we were close. The mass flow follows from the conditions at 
section 1: 


m= pAV, -(414 szos my (62. =) ~ 0.565 = Ans. 


EES can barely improve upon this: Ma1 = 0.1792, yielding a mass flow of 0.5616 kg/s. The 
exit pressure is p4 = 201 kPa, far larger than the receiving reservoir pressure of 30 kPa. 





9.103 Natural gas, with k ~ 1.3 and a molecular weight of 16, is to be pumped through 
100 km of 81-cm-diameter pipeline. The downstream pressure is 150 kPa. If the gas 
enters at 60°C, the mass flow is 20 kg/s, and f =0.024, estimate the required entrance 
pressure for (a) isothermal flow and (b) adiabatic flow. 
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Solution: The gas constant is Rgas = 8314/16 = 520 J/kg-K. First use Eq. 9.73: 


my) 20 P p? -p 
(a) Isothermal: ( ) = >| = 1 +2 
A) |A| RT[fL/D+2Inp,/p,)I 





p? - (150000) 
520(333)[2963 + 2 In(p,/150000)]’ 


solve for p, #892 kPa _ Ans. (a) 


Part (a) indicates a low inlet Mach number, ~ 0.02, so Te ~ To, ae ~ ao ~ 475 m/s. 
Then use Eqs. (9.74) and (9.75)—the latter simply indicates that the bracket [] ~ 
1.000. Then 





Vi P d y2 PONDI A-N] 
Vr pi ' KEL/D) +(k +1)In(V,/V,) _ 1.3(2963)+2.3In(V,/V,)’ 
plus p,V, = p,V> =th/A = 38.81 kg/sm?. Solve for V, =7.54 a p =5.15 =. 


Pı = PRT, =5.15(520)(333) ~ 892 kPa 





9.104 A tank of oxygen (Table A.4) at 20°C is to supply an astronaut through an 
umbilical tube 12 m long and 1.5 cm in diameter. The exit pressure in the tube is 40 kPa. 
If the desired mass flow is 90 kg/h and f = 0.025, what should be the air pressure in the 
tank? 


Solution: For oxygen, from Table A.4, take k = 1.40 and R = 260 J/kg-K. Given To = 
293 K and fAL/D = (0.025)(12 m)/(0.015 m) = 20. Use isothermal flow, Eq. (9.73), as a 
first estimate: 


a _[ 903600 kgs | _ p-p 
A (2/4)(0.015 my RT[fL/D +2 1n(p,/p,)] 
= p? — (40000)? 


=-——— ~ Solve for p, 192 kPa 
(260)(293)[20 +2 In(p,/40000)] 
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This is a very good estimate of p1, but we really need adiabatic flow, Eqs. (9.66) and 
(9.68a). First estimate the entrance Mach number from p1 and T1 ~ To: 


„Pi _ 192000 5 55 kg p- DOS 
RT, 260(293) m? 3600 s 


solve V; =~ 56 m/s, a; =4[kRT, =4/1.4(260)(293) = 327 m/s, Ma, ~ ~ =0.17 


We can guess Mal around 0.17, find (fL*/D)1, subtract (fAL/D) = 20, find the new Mach 
number and p*, thence back up to obtain p1. Iterate to convergence. For example: 





Pi = p,AV, ~ (2.52) (0015m)? V; 


Mal = 0.17, ({L*/D)1 = 21.12, pi/p* = 6.43, (fL*/D)2 = 21.12 — 20 = 1.12, compute 
Ma? = 0.49, p2/p* = 2.16, p* = 40000/2.16 = 18500 Pa, p1 = 6.43(18500) = 119000 Pa, 
Tl =To/{1 + 0.2(0.17)”] = 291 K, pl = 1.57 kg/m?, mass flow = p1AV1 ~ 55 kg/h 


The mass flow is too low, so try Mal a little higher. The iteration is remarkably sensitive 
to Mach number because the correct exit flow is close to sonic. The final converged 
solution is 


Mal = 0.1738, Ma2 = 0.7792, p1=189.4 kPa Ans. 


This problem is clearly well suited to EES, which converges rapidly to the final pressure. 





P9.105 Modify Prob. P9.87 as follows. The pipeline will not be allowed to choke. It will 
have pumping stations about every two hundred miles. (a) Find the length of pipe for which 
the pressure has dropped to 2000 Ibf/in?. (b) What is the temperature at that point? 


Solution: From Prob. P9.87, we found the following data. For CHy, from Table A.4, R= 
518 m*/s’-K, k = 1.32, and z= 1.03E-5 kg/m-s. Convert to SI units: p; = 2500 psi = 
1.72E7 Pa, D = 52 in = 1.321 m, T; = 140°F = 333 K. From the ideal gas law and the 
known mass flow (890 kg/s), find the entrance density and pressure, Reynolds number, and 
smooth-wall friction factor: 





p; = 99.9 k > V = 6.50 ; Rep = 8.33E7 ; f 


m S 


0.00608 


smooth ~ 


Then we found the entrance Mach number and thus the factor (fL*/D): 


Chapter 9 e Compressible Flow 711 





V, ; x 
-%65 00136 ; k =1.32 ; Eq.(9.66): fL 
a 477 D 


Ma, = 4074 


The present problem involves pressures and temperatures, so we need to calculate p/p* and 
TIT*: 


T, 
Ma, = 0.0136; k =1.32, Eqs.(9.68): PL =79.06 , — = 1.16 
p* T* 


(a) When the pressure p> drops to 2000 psia = 1.39E6 Pa, the new pressure ratio will be 


p2 _ Pa Pi _ (2000) 79 96) = 63.25 ; Eg. (9.68a) yields Ma, = 0.0170 
p* p př 2500 





f OL 





ok ok 
At this Ma, , E5 = 2605, hence aË ) = 4074-2605 = 1469 = 


Finally, p, = 2000 psia at L = ee 319,000m = 198 mi Ans.(a) 
0.00608 


(b) At this same Ma, = 0.0170, compute T3/T* also equals 1.16, same as Tı/T*. Therefore 
the temperature has hardly changed at all: 


Tə = 333K = 140°F. Ans.(b) 





*P9.106 Air, from a 3 cubic meter tank initially at 300 kPa and 200°C, blows down 


adiabatically through a smooth pipe 1 cm in diameter and 2.5 m long. Estimate the time 


required to reduce the tank pressure to 200 kPa. For simplicity, assume constant tank 


temperature and f ~ 0.020. 


D, 
pa= 100 kPa 
Fig. P9.106 
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Solution: We know that p> at the exit is 100 kPa, and we are given f= 0.020, thanks! 
For the given L and D, we can immediately calculate fAL/D = (0.02)(2.5m/0.01m) = 
5.0. Suggested procedure: Calculate the mass flow at Piank = 300 and 200 kPa and 
average these two. Guess May at the exit, calculate /L/D2, increase upstream by 5.0 to 
JL/D,, find Ma, and p; when poi = Piank, estimate p1, V1, and the mass flow. To start, 
guess sonic flow at the exit, Ma, = 1.0, /Z/D,=0. Then fZ/D, = 5.0, for which Ma, = 
0.3066 (Table B.3), pi/p* = 3.54, hence p; = 354 kPa and poi = 378 kPa, too high! So the 
exit Mach numbers are less than 1.0. Iteration (with EES) leads to the following results 


that converge to a tank pressure of 300 kPa: 





= 0.814 ; P= 1.2646 ; E 2 = 0.0605 2 |, = 5.0605 ; Ma, = 0.3052 ; PL= 3.5564 
p* p 


_ Pil p* — 
= PUP (p))= 


i 5 46 10) = = 281.2kPa; po, = (281.2)[1 +0.2(0.3052)7 ]3° = 300 kPa 
P2! P . 





Repeat these (laborious) calculations for a tank pressure of 200 kPa: 





= 0.536 ; P2 = 1.9874 ; 41, = 0.8113 ; ŻE, = 5.8113 ; Ma, = 0.2898 ; L= 3.7491 
p* D D p* 


a -( pa) = 2721 400) = 188.6kPa ; pa, = 188.6)[l + 0.2(0.2898)2]°5 = 200 kPa 


1.9874 





Pı = 


Now, with inlet conditions known, find V; and p; and thus the two mass flows: 





k 
Poi = 300 kPa: p, = 2.110 8 :V, = 131.8” : a = p, AV, = (2.110) Z (0.01)* (131.8) -0.0219 ČE 
m S S 


(0.01)? (125.3) =0.0139 kg 
S 





T 

4 

Pol = 200 kPa: p; = 1.413 ‚Vi =125.3% ; mh = p, AV; = a432 
m S 


Average mass flow = (0.0219 +0.0139)/2 ~ 0.0179 kg/s 


Tank at 300 kPa: m = [po/RTo](Vol) = [(300000/287/473)kg/m*](3m°) = (2.21)(3) = 6.63 kg 
Tank at 200 kPa: m = [po/RT,](Vol) = [(200000/287/473)kg/m*](3m°) = (473)(3) = 4.42 kg 
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Time to blow down from 300 to 200 kPa = (6.63-4.42 kg)/(0.0179 kg/s) = 91s Ans. 





9.107 A fuel-air mixture, assumed equivalent to air, enters a duct combustion chamber 
at V1 = 104 m/s and 71 = 300 K. What amount of heat addition in kJ/kg will cause the 
exit flow to be choked? What will be the exit Mach number and temperature if 504 kJ/kg 
is added during combustion? 


Solution: Evaluate stagnation temperature and initial Mach number: 





2. 2. 
T, =T, +i = 30940" _ 395 K; Ma, wi Ny 
2c 2(1005) /1.4(287)(300) 
305 
Table B.4:  T,/T,* =0.3469, hence T,* = ~880K 
0.3469 


Thus  dehoke = CpAT, max = 1005(880 —305) ~ 5.78E5 J/kg = 578 kJ/kg Ans. (a) 


A heat addition of 504 kJ/kg is (just barely) less than maximum, should nearly choke: 


540000 _ 


T2 =T, + =305+ Taz _ 842 
cp 1005 


K, ——=0.957, .. Ma, ~0.78 Ans. (b) 
T* 880 


842 








Finally, without using Table B.4, T, =842/[1+0.2(0.78)°]~ 751 K Ans. (c) 





9.108 What happens to the inlet flow of Prob. 9.107 if the combustion yields 1500 kJ/kg 
heat addition and pol and Tol remain the same? How much is the mass flow reduced? 


Solution: The flow will choke down to a lower mass flow such that T,, = T>: 


Tyy = TH = 305-4 1000000 _ 1798 K, thus 22 = 2-917, Ma, n, = 0.198 
1005 T* 1798 





(T/A) now = PV; = pa,Ma; = Qa, Ma,/[1+0.2Ma?} if Pon To A are the same. 





rh a 1+ 0.2(0.30)? 


Then new = 7 
1+0.2(0.198) 


: = 0.68 (about 32% less flow) Ans. 
haa 0.30 
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9.109 A jet engine at 7000-m altitude takes in 45 kg/s of air and adds 550 kJ/kg in the 
combustion chamber. The chamber cross section is 0.5 m, and the air enters the chamber 
at 80 kPa and 5°C. After combustion the air expands through an isentropic converging 
nozzle to exit at atmospheric pressure. Estimate (a) the nozzle throat diameter, (b) the 
nozzle exit velocity, and (c) the thrust produced by the engine. 





45 kg/s 






Exit to 


550 kJ/kg atmos. 






Fig. P9.109 


Solution: At 700-m altitude, pa = 41043 Pa, Ta = 242.66 K to use as exit conditions. 


-Pı __80000 4 5 te. K8 L PAV =1.00(0.5)V,, V, =90m/s 
RT, 287(278) m s 


=- 0.27, TableB4: T, /T* = 0.29, 


E V1.4(287)(278) ` 


T, =278+ (90) /[2(1005)] = 282 K, ». T* = 282/0.29 ~ 973 K 





Pı m=45 





Addheat: Ty =282+ ie Toa _ 829 


x829 K, thus ==——-#0.85, read Ma, ~0.63 
Te 973 


also read p,/p* ~ 2.18, p,/p*=1.54, <. p =80(1.54/2.18) ~ 57 kPa, 
ae 243.5 
Poz =Pz|1+0.2 Ma3 |” = 57[1 +0.2(0.63} T° ~ 74 kPa 


With data now known at section 2, expand isentropically to the atmosphere: 


Pon MB iji [1+0.2Ma? |", solve Ma, =0.70, T, 2k 9910, 
Po 57000 Ty 829 
Solve T,~755K, 2 =p,/RT, 0.189 kg/m’, a, =/kRT, =551 m/s, 
V, =Ma,a, ~385 m/s _ Ans. (b) 





m=45= 0.189(385)7 Di, solve D, x 0.89m Ans. (a) 
Finally, if Po = Pam, from Prob. 3.68, Finus = MV, =45(385) = 17300 N Ans. (c) 
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9.110 Compressible pipe flow with heat addition, Sec. 9.8, assumes constant 
momentum (p + pv") and constant mass flow but variable stagnation enthalpy. Such a 
flow is often called Rayleigh flow, and a line representing all possible property changes 
on an temperature-entropy chart is called a Rayleigh line. Assuming air passing through 
the flow state p1 =548 kPa, 71 = 588 K, V1 = 266 m/s, and A = 1 m, draw a Rayleigh 
curve of the flow for a range of velocities from very low (Mal[] 1) to very high (Mall 1). 
Comment on the meaning of the maximum-entropy point on this curve. 














Solution: First evaluate the Mach number and density at the reference state: 


p _ 548000 33s KS. man Y 266 


= we 3.2 ; = =0.55 
P=RT 287588) m? VKRT /1.4(287)(588) 


Our basic algebraic equations are then: 





Momentum: p + pV? = 548000 + 3.25(266) = 778000 (a) 
Continuity: pV =3.25(266), or: p=864/V (b) 
Entropy: s = 718 In(T/588) — 287 In(p/3.25) (c) 


We simply let V vary from, say, 10 m/s to 800 m/s, compute p from (b), p from (a), T = 
p/pT, and s from (c), then plot T versus s. [We have arbitrarily set s = 0 at state 1.] 


The result of this exercise forms the Rayleigh Line for this flow, shown below. Some 
Mach numbers are listed, subsonic on the top, supersonic on the bottom, and exactly 
sonic at the right-hand (maximum-entropy) side. Ans. 
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-2000 -1500 -1000 -500 





*9,.111 Add to your Rayleigh line of Prob. 9.110 a Fanno line (see Prob. 9.94) for 
stagnation enthalpy equal to the value associated with state 1 in Prob. 9.110. The two 
curves will intersect at state 1, which is subsonic, and also at a certain state 2, which is 
supersonic. Interpret these two cases vis-a-vis Table B.2. 


Solution: For T1 = 588 K and V1 = 266 m/s, the stagnation temperature is 








2 2 2 
T, =T + < = 588 + Q66) = 623 K; Elsewhere, T = 623— 1 


; 2(1005) 2(1005) @ 


T 
Also, from Prob. 9.110, p=864/V_ (b) and s=728 in( T 2s7in( 5° 2) (c) 
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By varying V and computing (T, p, s) from (b, c, d), we plot the Fanno line and add it to 
the previous Rayleigh line. The composite graph is as follows: 





-4000 -3000 -2000 -1000 0 1000 
s, J/kg-K 


The subsonic intersection is state 1, Mal ~ 0.55, T2 ~ 588 K, and the supersonic 
intersection is at Ma2 = 2.20, where, for example, T2 ~ 316 K. Also, s1 > s2. These two 
points thus correspond to the two sides of a normal shock wave, where “2” is the 
supersonic upstream and “1” the subsonic downstream condition. We may check these 
results in Table B-2, where, at Ma ~ 2.20, the temperature ratio across the shock is 
1.857—for our calculations, this ratio is 588 K/316 K = 1.86 (agreement would be perfect 
if we kept more significant figures). Shock flow satisfies all the four equations of Rayleigh 
and Fanno flow combined—continuity, momentum, energy, and the equation of state. 





9.112 Air enters a duct subsonically at section 1 at 1.2 kg/s. When 650 kW of heat is 
added, the flow chokes at the exit at p2 = 95 kPa and T2 = 700 K. Assuming frictionless 
heat addition, estimate (a) the velocity; and (b) the stagnation pressure at section 1. 


Solution: Since the exit is choked, p2 = p* and T2 = T* and, of course, Ma2 = 1.0. 
Then 


V, = V* = VkRT* = /1.4(287)(700) ~ 530 m/s, and q=Q/mh= =542 = 
` g 
Also, T* =1.2T, =1.2(700)=840 K; hence T,, =840- 242000 x301 K 
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Then T,,/T* = = =0.358; Table B.4: read Ma, + 0.306, read V,/V* = 0.199 


So V, =530(0.199) +105 m/s Ans. (a) 


Also read p,,/p* ~1.196, where p* = p,/0.5283 ~ 180 kPa, 
Hence p, ~1.196(180)+215kPa_ Ans. (b) 





9.113 Air enters a constant-area duct at p1 = 90 kPa, V1 = 520 m/s, and T1 = 558°C. It 
is then cooled with negligible friction until it exists at p2 = 160 kPa. Estimate (a) V2; (b) 
T2; and (c) the total amount of cooling in kJ/kg. 


Solution: We have enough information to estimate the inlet Ma1 and go from there: 





a, = JLAC8NG58 1273) =578 ™, » Ma, =% x0.90, read Pt =1.1246, 
s 578 p* 
160 
p*= X = 80.0 kPa, whence Be ies 2.00, read Ma, ~ 0.38, 
1.1246 p* 80 


read T,/T*=0.575, V,/V* =0.287, T,»/T* ~ 0.493 


We have to back off to section | to determine the critical (*) values of T, V, To: 


Ma, = 0.9, T,/T* =1.0245, T*¥ = ae =811K, T, =0.575(811) = 466 K Ans. (b) 
also, V,/V*=0.911, V¥= aa =571 m/s, so V, =0.287(571) +164 m/s_ Ans. (a) 
Xe 2 x __966 
T,,/T, =0.9921, where T,, =T, + V;/2c, =966 K, T, = 09901 =973 K 


Finally, T,, =0.493(973) = 480 K, 


Acooting =CpAT, = 1.005(966 — 480) ~ 489 = Ans. (c) 
g 
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P9.114 The scramjet of Fig. 9.30 operates with supersonic flow throughout. An idealized 
sketch is in Fig. C9.8, at the end of this chapter. Assume that the heat addition of 500 
kJ/kg, between sections 2 and 3, is frictionless and at constant area of 0.2 m°. Given 

Ma: = 4.0, p2 = 260 kPa, and T = 420 K. Assume airflow at k = 1.40. At the combustion 
section exit, find (a) Mas, (b) p3, and (c) T3. 


Solution: Use frictionless heat-addition theory to get from section 2 to section 3: 


Ma, = 4.0: Toa. = 0.5891, T,, =(420K)[1 +0.2(4.0)7] = 1764 K 
T. 


o 











‘ T. 
nE NSt 2994K ; 2 =0.1683 , T* = -420 L 2496K 
0.5891 T* 0.1683 
P2 L01026, p*= Pt L 2534kPa ; Ta =T +2 = 17644000 262K 
p* 0.1026 c 


P 


Now find the new stagnation temperature ratio and hence the properties at section 3: 


T, 
B 2262 = 0.7552 , thus Ma; = 2.205 Ans.(a) ; 
TŽ 2994 





£3. = 0.3074 , p; = (0.3074)(2534kPa) = 779 kPa Ans.(b) 
p 


T 
T = 0.4594 , T; = (0.4594)(2496K) = 1146 K Ans.(c) 
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P9.115 Air enters a 5-cm-diameter pipe at 380 kPa, 3.3 kg/m’, and 120 m/s. Assume 
frictionless flow with heat addition. Find the amount of heat addition for which the 


velocity (a) doubles; (b) triples; and (d) quadruples. 


Solution: First find the conditions at the entrance, which we will call section 1: 


Hi, SO aoe ag a 2055 
VERT, /1.4(287)(401) 

, T,/T, = 0.3448 

Then T,, = T,(1+0.2Ma?) = (401K){1+0.2(0.299)92] = 408K 


And T, = T,,KT,,/T,) = 408K (0.3448) = 1184K 








t= = 
Rp, 287683) 


Table B.4 or EES: V,/V* = 0.1905 


Since V; is less than one-fifth of V*, it looks like we can make it up to quadruple 


velocity: 
(a) V>/V* = 2(0.1905) = 0.3810 ; TableB.4: May = 0.452, T,)/T, = 0.6168 
T,2 = 1184(0.6168) = 731K ; q = c „(T,2 -To1) = 1005(731 — 408) = 324,000) /kg Ans.(a) 
(b) V3 /V* = 3(0.1905) = 0.5715 ; TableB.4: Ma, = 0.598, T,3/T, = 0.8164 
T,3 = 1184 (0.8164) = 967K ; q =c,(T,3 —T,1) = 1005 (967 — 408) = 561,000 /kg Ans.(b) 
(c) V4 /V* = 4(0.1905) = 0.7620 ; TableB.4: Ma, = 0.756 , T,4/T, = 0.9434 
Ty4 = 1184(0.9434) = 1117 K 3g =, (T4 —T,) = 1005(1117 — 408) = 713,000) /kg Ans.(c) 


Note that we could even quintuple, going up to 5.25V, before choking due to heat 
addition. 
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9.116 An observer at sea level does not hear an aircraft flying at 12000 ft standard 
altitude until it is 5 statute miles past her. Estimate the aircraft speed in ft/sec. 





V, Ma 









observer 


f 


| 5miles=26400ft | 
Fig. P9.116 


12000 ft 


Solution: The average temperature over this range is 498°R, hence 


a= VERT = 1.401717)(498) = 1094 fi/s, and tan u= 12000 - 0.455, 


26400 


or: ye 24.4°, Ma = csc u ~ 2.42, V 


plane 


= 2.42(1094) = 2640 1 Ans. 
s 


plane 





P9.117 A tiny scratch in the side of a supersonic wind tunnel creates a very weak wave 
of angle 17°, as shown in Fig. P9.117, after which a normal shock occurs. The air 


temperature in region (1) is 250 K. Estimate the temperature in region (2). 





Fig. P9.117 


Solution: The weak wave is a Mach wave, hence the Mach number in region 1 is Ma; = 
1/sin(17°) = 3.42. The normal shock relations, Table B.2 or Eq. (9.58), thus give the 
temperature ratio: 

Ma, = 3.42: T,/T, = 3.2069 Thus T, = 3.2069(250K) ~ 800K _ Ans. 
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9.118 A particle moving at uniform 
velocity in sea-level standard air creates 
the two disturbance spheres shown in 
Fig. P9.118. Compute the particle velocity 
and Mach number. 


Solution: If point “a” represents t = 0 
units, the particle reaches point “b” in 8 — 3 = 
5 units. But the distance from a to 6 is only 
3 units. Therefore the (subsonic) Mach 
number is 





VAt 3 units 
Ma = —— = — = 0. 
aAt 5 units 





Particle 


Fig. P9.118 


Ans. (a) 


Voarticte = Ma(a) = 0.6,/1.4(287)(288 K) ~ 204 m/s Ans. (b) 
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9.119 The particle in Fig. P9.119 is moving 
supersonically in sea-level standard air. From 

the two disturbance spheres shown, compute ya 
the particle (a) Mach number; (b) velocity; 

and (c) Mach angle. 


8m 
Particle 


ote 
Fig. P9.119 


oy? 


Solution: If point “a” represents t = 0 units, the particle reaches point “b” in 8 — 3 = 5 units. 
But the distance from a to b is 8 + 8+ 3 = 19 units. Therefore the Mach number is 


_ VAt _ 19 units 
aAt 5 units 


Voarticte = Ma(a) = 3.8,/1.4(287)(288 K) ~1290 m/s Ans. (b) 


Ma ~3.8 Ans. (a) Haye =siv'( 5 |= 183° ee 





9.120 The particle in Fig. P9.120 is 
moving in sea-level standard air. From the 
two disturbance spheres shown, estimate 
(a) the position of the particle at this instant; 
and (b) the temperature in °C at the front 
stagnation point of the particle. 





Solution: Given sea-level temperature = Fig. P9.120 

288 K. If point “a” represents t = 0 units, the 

particle reaches point “b” in 6 — 3 = 3 units. But the distance from a to b is 6 units. 
Therefore the particle Mach number is 


Ma =— =2.0, 


3 ** “stagnation 


=T, =288[1+0.2(2.0)°]=518K Ans. (b) 


u=sin" (5 = 30°, and the particle is at point “P” at 6 meters ahead of “b.” Ans. (a) 





9.121 A thermistor probe, in the shape of a 

needle parallel to the flow, reads a static Ma? 
temperature of —25°C when inserted in the 
stream. A conical disturbance of half-angle 
17° is formed. Estimate (a) the Mach number; 
(b) the velocity; and (c) the stagnation tem- T=-25°C 
perature of the stream. Fig. P9.121 
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Solution: If the needle is “very thin,” it reads the stream static temperature, T.. » —25°C = 
248 K. We are given the Mach angle, = 17°, so everything else follows readily: 


Ma.,, =cscu =csc17°=3.42 Ans. (a) 
T, =248[1 +0.2(3.42)’]=828 K=555°C Ans. (c) 
U,, = Ma,,a,, =3.42,/1.4(287)(248) =3.42(316) = 1080 m/s Ans. (b) 





9.122 Supersonic air takes a 5° compres- 
sion turn, as in Fig. P9.122. Compute the 
downstream pressure and Mach number 
and wave angle, and compare with small- 
disturbance theory. 


Solution: From Fig. 9.23, 8 = 25°, and we 
can iterate Eq. (9.86) to a closer estimate: 


Ma, =3.0, 0 = 5°, compute 6 = 23.133°, 





Fig. P9.122 


P2/p, = 1.454, p, = 145.4 Pa 


From Eq. 9.83f, compute Ma, = 2.750 Ans. (a,b,c) Exact oblique shock theory. 


This is a small deflection. The linear theory of Eqs. 9.88 and 9.89 is reasonably accurate: 


u=sn [$ ]=1947 gnp snye = ene bed +0,0557 +--+ ¥ 0.389 





4cos u 
2 
or: Bincar ¥ 22-9° (1% low) Ap z LIO n 5° = 0.39, 
near Pi 32 Lj 


p> = 100(1.39) = 139 kPa (4% low) 





P9.123 The 10° deflection in Ex. 9.17 caused a final Mach number of 1.641 and a pressure 
ratio of 1.707. Compare this with the case of the flow passing through two 5° deflections. 
Comment on the results and why they might be higher or lower in the second case. 


Chapter 9 e Compressible Flow 725 


Solution: The sketch shows both 

the intermediate and the final states. 
The final Mach number is slightly 
higher, Ma = 1.649. The final 
pressure is slightly lower, 1.706. 

They are close to the 10° case because 
ten degrees is small, nearly isentropic. 
Comment: The closer the flow is to 
isentropic, the higher the final Mach number and the lower the pressure. 








9.124 When a sea-level air flow approaches 

a ramp of angle 20°, an oblique shock wave 

forms as in Figure P9.124. Calculate (a) Ma1; © 
(b) p2; (c) T2 ; and (d) V2. 





Solution: For sea-level air, take pl = 
101.35 kPa, 71 = 288.16 K, and p1 = 1.2255 A ia AS 
kg/m?. (a) The approach Mach number Fig. P9.12 

is 

determined by the specified angles, 8 = 60° 

and @= 20°. From Fig. 9.23 we read that Mal is slightly less than 2.0. More accurately, 
use Eq. (9.86): 


2cot B (Ma; sin? B-1) 


tan = 5 
Ma; (k +cos2f)+2 





for 0=20° and £=60° 


Iterate, or use EES, to find that Ma; = 1.87. Ans. (a) 
(b, c) With Ma1 known, use Eqs. (9.83a, c) to find p2 and T2: 
Po (zma sin? B-k + 1) =2.893, p, =2.893(101.35 kPa)=293 kPa Ans. (b) 
Pi T 
Zura 
Ta [2 +(k—1)Ma? sin? B| ae Sm - = 
T, (k +1% Maj sin^ 8 
T, =1.401(288.16 K)=404 K Ans. (c) 


= 1.401, 


(d) Finally, to find V2, first find V1 from the approach Mach number, then use Eq. (9.83b): 
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a, = JkRT, = J1.4(287)(288.16) = 340 a V, = a,Ma, = (340)(1.87) = 636 7 


V, cosB _ cos60° 


V ’ cos( 2-0) ~ cos 40° 





= 0.653, V, =0.653(636 m/s)=415 ™ Ans. (d) 
Ss 





P9.125 We saw in the text that, for k = 1.40, the maximum possible deflection caused 
by an oblique shock wave occurs at infinite approach Mach number and is @nax = 45.58°. 


Assuming an ideal gas, what is @Qnax for (a) argon; and (b) carbon dioxide? 


Solution: In the limit as Ma; > ©, the normal-velocity ratio across a shock wave, Eq. 
(9.58), is 


It is this limiting ratio that we use to calculate nax for the two gases above, with Eq. 
(9.85). 


k+1 


— a;l 
Omax |Ma = tan 1(Jr) — tan Cm , Where r= ae 
The results, using Table B.4 to determine k, are as follows: 
(a) Argon, k = 1.67, r=3.985: Omax = 63.392° - 26.608° = 36.78° Ans.(a) 


(b) COo, k= 1.30, r= 7.667:  Qnax = 70.142° - 19.858° = 50.28° Ans.(b) 





9.126 Consider airflow at Mal = 2.2. Calculate, to two decimal places, (a) the deflection 
angle for which the downstream flow is sonic; and (b) the maximum deflection angle. 
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Solution: We are near the peak of the (invisible) curve for Ma1 = 2.2 in Fig. 9.23. The 
wave angles are ~ 65°, which we guess for finding the sonic downstream condition: 
Ma; =2.2, guess Ø ~ 65°, and using Eq. 9.86, 
compute 0 ~ 26.1° and Ma, = 0.92 (not quite sonic) 
Converges to Ma, =1.000 when 2 ~ 61.9° and 0 ~ 25.9° Ans. (a) 


Maximum deflection occurs at p ~ 64.6° and Onax ~ 26.1° Ans. (b) 


max 





9.127 Do the Mach waves upstream of an shock 
oblique-shock wave intersect with the shock? 
Assuming supersonic downstream flow, do 
the downstream Mach waves intersect the 
shock? Show that for small deflections the 
shock-wave angle £ lies halfway between x1 
and 42 + 0 for any Mach number. 





Fig. P9.127 


Solution: Yes, Mach waves both upstream and downstream will intersect the shock: 
(k+1)Ma? (k+1)Ma? 

4\(Ma; -1) 44 (Ma? -1) 

Thus, to first order (small deflection), the shock wave angle 2 will lie halfway between 

41 and (u2 + 0), as sketched in the figure above. 


Linear theory: £ ~ 44 + 0 and p-07~ u- 





9.128 Air flows past a two-dimensional 
wedge-nosed body as in Fig. P9.128. 
Determine the wedge half-angle 6 for 
which the horizontal component of the total E 
pressure force on the nose is 35 kN/m of p=100kPa 
depth into the paper. 








Solution: Regardless of the wedge angle 
ô, the horizontal force equals the pressure 
inside the shock times the projected 
vertical area of the nose: 


Fig. P9.128 
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Roriz = P2A ven pro = P2(0-12m)(1.0m) = 35000N, or p, =291700 Pa 

Eq. (9.83a): Pir 22100 2.917 = L [2.8Ma?, -0.4], solve Ma, sin 8 = 1.63 
p, 100000 2.4 

or  =sin'' (1.63/3.0) =32.81° Use Eq. (9.86) to compute 6,4. #15.5° Ans. 





9.129 Air flows at supersonic speed toward 
a compression ramp, as in Fig. P9.129. A 
scratch on the wall at a creates a wave of 
30° angle, while the oblique shock has a 
50° angle. What is (a) the ramp angle 0; 
and (b) the wave angle ø caused by a 
scratch at b? 





Fig. P9.129 


Solution: The two “scratches” cause Mach waves which are directly related to Mach No.: 
4 =30°, Ma; =csc30° =2.0, 2 =50°, Eq. 9.86 yields 0 ~18.13° Ans. (a) 


Then Ma,, =0.690 = Ma,sin(50—18.13°), 





1 
Ma, =1.307, ġ =sin™! =49.9° Ans. (b 
a g=sin fe ns. (b) 





P9.130 A supersonic airflow, at a temperature of 300 K, strikes a wedge and is 
deflected 12°. If the resulting shock wave is attached, and the temperature after the shock 


is 450 K, (a) estimate the approach Mach number and wave angle. (b) Why are there two 
solutions? 


Solution: We search through the {stong soe 

oblique-shock solutions until we Ma, i eae we shock 

find a = 12° deflection for which ———— ie ae 

T,/T; = 450K/300K = 1.50. ——— 12: 
Fig. P9.130 


(a, b) There are two solutions, weak and strong: 
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Ma;= 4.69 , £ 
Ma = 1.78 , £ 


229 (weak shock) 


80° (strong shock) Answers (a) 





9.131 The following formula has been suggested as an alternate to Eq. (9.86) to relate 
upstream Mach number to the oblique shock wave angle 2 and turning angle 0: 
1 T (k+1)sin 2 sin 


So 
sın = 
Pe Doh 0) 





Can you prove or disprove this relation? If not, try a few numerical values and compare 
with the results from Eq. (9.86). 


Solution: The formula is quite correct and serves as an interesting alternative to Eq. (9.86). 
Notice that one can immediately solve for Mal if 2 and @ are known, which would have 
been a great help in Prob. 9.124. For details of the proof, see page 371 of R. M. Olson, 
Essentials of Engineering Fluid Mechanics, 4th ed., Harper and Row, New York, 1980. 





9.132 Air flows at Ma = 3 and p = 
10 psia toward a wedge of 16° angle at 
zero incidence, as in Fig. P9.132. (a) If the 


pointed edge is forward, what is the 
pressure at point A? If the blunt edge is aes 
forward, what is the pressure at point B? n 


p = 10 Ibf/in? abs 


Solution: For Ma=3, 0= 8°, Eq. 9.86: 
B =25.61°, m Cc 


: a2 
ke _ 2.8Gsin25.61°)' 0.4 _ 1 g0, 


2.4 Fig. P9.132 


pa ~18.0psia Ans. (a) 
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(b) A normal shock forms, and pB = po2 inside the shock. Given pol = p1/0.0272 = 367 
psia, Table B.2, Ma = 3: po2/po1 = 0.3283, hence po2 = 0.3283(367) = 121 psia. Ans. (b) 





9.133 Air flows supersonically toward the double-wedge system in the figure. The (x,y) 
coordinates of the tips are given. Both wedges have 15° deflection angles. The shock 
wave of the forward wedge strikes the tip of the aft wedge. What is the freestream Mach 
number? 


(1m, 1m) 


Shocks 
(0, 0) 


Fig. P9.133 


Solution: However tricky the shock reflection might be at the upper (aft) wedge, the 
problem is solved by knowing the shock angle at the lower (forward) wedge: 


B=tan"(1.0)=45°, @=15°, Eg.(9.86) yields Ma, =2.01 Ans. 





9.134 When an oblique shock strikes a 
solid wall, it reflects as a shock of sufficient 
strength to cause the exit flow Ma3 to be 
parallel to the wall, as in Fig. P9.134. For 
airflow with Mal = 2.5 and p1 = 100 kPa, 
compute Ma3, p3, and the angle ¢ 





Fig. P9.134 


Solution: With £1 = 40°, we can compute the first shock deflection, which then must 
turn back the same amount through the second shock: 


Ma,, =2.5 sin 40° =1.607; Eq. (9.86): 0, =17.68°, Ma, = 0.666, Ma, = 1.754, 
Also @, =17.68°, solve £, = 60.45°, Maj, = 1.526, Ma;,, = 0.692 = Ma,sin(f, — 6), 
Finally Ma,#1.02) Ans.(a) p/p, =2.85, py = 285 kPa, p3/py = 2.55. 
Keep going: p, =2.55(285) ~ 727 kPa Ans. (b) 

Finally, = p, -—0, =60.56—17.68 ~ 42.8° Ans. (c) 
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9.135 A bend in the bottom of a 
supersonic duct flow induces a shock wave 
which reflects from the upper wall, as in 
Fig. P9.135. Compute the Mach number 
and pressure in region 3. 






Air: 
p, = 100 kPa 
. : Ma, = 3.0 
Solution: Given 0= 10°, find state 2: — 
Ma, =3.0, 6 =10°, 
Eq. 9.86 predicts P, ~ 27.389, 


Ma,, =1.380, Ma, =0.748, 


Fig. P9.135 


<. Ma, =2.505, 0, =0 =10°, £, =31.80°, Ma,, =1.32, Ma;, =0.776, 
“. Ma; =2.09 Ans. 
Meanwhile, p/p, =2.054, or p, =205.4 kPa, 


and p,/p, = 1.866, p; =1.866(205.4)~ 383 kPa Ans. 





9.136 Figure P9.136 is a special application 
of Prob. 9.135. With careful design, one can 
orient the bend on the lower wall so that the 
reflected wave is exactly canceled by the 
return bend, as shown. This is a method of 
reducing the Mach number in a channel 
(a supersonic diffuser). If the bend angle is 
@ = 10°, find (a) the downstream width A and 
(b) the downstream Mach number. Assume a Fig. P9.136 
weak shock wave. 





Solution: The important thing is to find the angle ¢ between the second shock and the 
upper wall, as shown in the figure. With initial deflection = 10°, proceed forward to “3”: 


Ma, =3.5,0,=10°, compute £, =24.384°, Ma, =2.904, 6, = 6, = 10°, B, =28.096°, 
Papper wait = By ~ 9; = 28.096 — 10 = 18.096°, Ma, = 2.427 Ans. (b) 


Length CB in the figure = (1 m)/sin(24.384°) = 2.422 m, angle ACB = 14.384°, angle 
CBA = £2 = 28.096°, by the law of sines, AB/sin(14.384°) = 2.422/sin(28.096°) or the 
length AB = 1.278 m. Finally, duct width h = 1.278sin(18.096°) + 0.40 m. Ans. (a) 


The horizontal distance from one lower corner to the next is 3.42 m. The length of CB is 
3.47 m. Thus the shocks are not drawn to scale in the figure. 
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9.137 A 6° half-angle wedge creates the reflected shock system in Fig. P9.137. If Ma3 = 2.5, 
find (a) May; and (b) the angle a. 





Fig. P9.137 


Solution: (a) We have to go backward from region 3 to regions 2 and 1, using Eq. (9.86). 
In both cases the turning angle is 0 = 6°. EES is of course excellent for this task, 
otherwise the iteration will be laborious. The results are: 


Ma, =2.775, 8, =25.66°, Ma, =3.084, 6, =23.36° Ans. (a) 
Since the wall is horizontal, it is clear from the geometry of Fig. P9.137 that 


at = 180° —25.66° — 23.36° = 130.98° Ans. (b) 





9.138 The supersonic nozzle of Fig. P9.138 
is overexpanded (case G of Fig. 9.12) with 
Ae/At = 3.0 and a stagnation pressure of 
350 kPa. If the jet edge makes a 4° angle 
with the nozzle centerline, what is the back 
pressure pr in kPa? 





Solution: The nozzle is clearly choked : 
ia there are shock waves downstream. Fig. P9.138 
us 


à =3.0, read Ma, = Ma; =2.64, p, = 350/[1 + 0.2(2.64} P% =16.5 kPa 


0=4°, Eq.9.86 gives p, =25.3°, Ma, = 2.64sin 25.3° = 1.125, p/p; =1.311 
Thus P; = Peceiver = 1-311(16.5)~ 21.7 kPa Ans. 
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9.139 Airflow at Ma = 2.2 takes a com- © 
pression turn of 12° and then another turn Te fs 
of angle @ in Fig. P9.139. What is the Ma, =2.2 C 
maximum value of @ for the second shock 
to be attached? Will the two shocks inter- 
sect for any @ less than Omax? 





Fig. P9.139 
Solution: First get the conditions in section (2) and then iterate for @max: 
Ma, =2.2, 0 =12°, Eq.9.86: 2, =37.87°, Ma,, =1.351, Ma,, = 0.762 = Ma,sin(f — 0) 
or. Ma, ~1.745. For this Mach number, estimate Oax ~ 18° from Fig. 9.23 


#18.02° Ans. 
NOTE: The two shocks /1 and £2 always intersect for any €2 < Omax. Ans. 


Iterate, by trial and error, find 0, 


max 





9.140 The solution to Prob. 9.122 is Ma2 = 
2.750 and p2 = 145.5 kPa. Compare these 
results with an isentropic compression turn 
of 5°, using Prandtl-Meyer theory. 


Solution: Find @ for Ma = 3 and subtract 5°: 


Ma, =3.0, Table B.5: a, = 49.76°, 
Q@ = 49.76 —5 = 44.76°, read Ma, = 2.753 





Fig. P9.122 


2 3.5 
Then p, =p, (= Po ) = o| oes) | =145.4kPa Ans. 
Pi, 1+0.2(3.0) 


This is almost identical to the shock wave result, because a 5° turn is nearly isentropic. 








9.141 Supersonic airflow takes a 5° 
expansion turn, as in Fig. P9.141. Compute 
the downstream Mach number and pressure 
and compare with small-disturbance theory. 


Solution: Find w for Ma = 3 and add 5°: 
Ma, =3.0, Table B.5: œ = 49.76°, 
@) = 49.76 +5 =54.76°, 
Read Ma, ~3.274 Ans. F 


Maz, p2 





g. P9.141 
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2 -3.5 
Then p=pi| 2Pe |= 100| 11020-279 |  <66.7kPa Ans. 
Pi/Po 1+0.2(3.0) 


The linear theory is not especially accurate because even a 5° turn is slightly nonlinear: 
Ap_ kMa? 146) 


z tan0, = 
p JM- V2 


p =100(1—0.390)~61kPa Ans. (9% low) 





Eq. 9.89: tan(—5°) = -0.390, 





9.142 A supersonic airflow at Mal = 3.2 and p1 = 50 kPa undergoes a compression 
shock followed by an isentropic expansion turn. The flow deflection is 30° for each turn. 
Compute Ma2 and p2 if (a) the shock is followed by the expansion and (b) the expansion 
is followed by the shock. 


Solution: The solution is given in the form of the two sketches below. A shock wave 
with a 30° turn is a hugely non-isentropic flow, so the final conditions are nowhere near the 


original and they do not agree with each other either. 
Ma, =2.641 

Ma = 1.514 p, = 60.3 kPa 

p = 342 kPa @, = 42.33° 


@= 12.33 





Fig. P9.142 





9.143 Airflow at Mal = 3.2 passes through a 25° oblique-shock deflection. What 
isentropic expansion turn is required to bring the flow back to (a) Ma1 and (b) p1? 





Fig. P9.143 
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Solution: First work out state (2): 
Ma; =3.2, p, =42.56°, Ma, =1.83, p, = 5.30 units, @, =21.59° 
(a) Ma, =3.2 means @, =53.47°, or @=53.47—21.59%31.9° Ans. (a) 
(b) p, =] unit means Ma, =2.906, m, =47.90°, 0 = 47.90 -21.59 = 26.3° Ans. (b) 


P9.144 The 10° deflection in Ex. 9.17 caused the Mach number to drop to 1.64. (a) 
What turn angle will create a Prandtl-Meyer fan and bring the Mach number back up to 
2.0? 

(b) What will be the final pressure? 


Ma, =2 © 5 O` Fig. P9.144 
@) pı = 10 psia R 
10° 

















Solution: Recall from Ex. 9.17 that the shock wave caused Ma, = 1.64 and pz = 17.07 
psia. First calculate the (reduced) stagnation pressure in section 2, plus the Prandtl-Meyer 
angle @: 

Table B.5 or Eq.(9.99): Ma, =1.64 ; p, = 17.07 psia ; @ = 16.04° 

Then p,9 = p2(1+0.2Maz)°*° = (17.0)[1+0.21.64)° P% = 77.0 psia 


Now find the Prandtl-Meyer angle in section 3, knowing that Ma; = 2.0: 


Ma, = 2.0: Table B.5: œ = 26.38° 
Thus 0 = @,- @, = 26.38° — 16.04° = 10.34° Ans.(a) 
Pos = Por = 77 psia: px = (77) /[1+0.2(2.0)° > = 9.84 psia Ans.(b) 


The final wall is just slightly down from horizontal, and the final pressure is just slightly 
reduced from the original value of 10 psia. The 10 deflection angle is almost isentropic. 
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9.145 Air at Mal = 2.0 and p1 = 100 kPa undergoes an isentropic expansion to a down- 
stream pressure of 50 kPa. What is the desired turn angle in degrees? 


Solution: This is a real ‘quickie’ compared to what we have been doing for the past 
few problems. Isentropic expansion to a new pressure specifies the downstream Mach 
number: 


3.5 
Po =P [1 +0.2 Ma; | =100[1+0.2(2)° >> = 782 kPa 


P2/Po = 2 =0.0639, read Ma, = 2.44, read @, ~37.79°, 


while œ ~26.38°, ». AO =37.79—26.38 =11.4° Ans. 





9.146 Air flows supersonically over a surface which changes direction twice, as in 
Fig. P9.146. Calculate (a) Ma2; and (b) p3. 


Ma; =2.0 —> 


p= A ; ng 





Fig. P9.146 


Solution: (a) At the initial condition Mal = 2.0, from Table B.5 read @1 = 26.38°. The 
first turn is 10°, so @2 = 26.38 + 10 = 36.38°. From Table B.5 read Ma2 = 2.38. For more 
accuracy, use Eq. (9.99) to obtain Ma2 = 2.385. Ans. (a) 


(b) The second turn is 12°, so @3 = 36.38 + 12 = 48.38°. From Table B.5 read Ma3 = 
2.93. For more accuracy, use Eq. (9.99) to obtain Ma2 = 2.9296. (Not worth the extra 
effort.) To find pressures, we need the stagnation pressure, which is constant: 


2\35 243.5 
P, = p,(1+0.2 Ma; ) =(200 kPa)[1+0.2(2.0)?}>° =1565 kPa 


2\35 273.5 
Then p= p, |[(1+0.2Ma?) = (1565)/[14 0.2(2.9296)? 5 =47.4 kPa Ans. (b) 
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9.147 A converging-diverging nozzle with a 4:1 exit-area ratio and po = 500 kPa 
operates in an underexpanded condition (case 1 of Fig. 9.12) as in Fig. P9.147. The 
receiver pressure is pa = 10 kPa, which is less than the exit pressure, so that expansion waves 
form outside the exit. For the given conditions, what will the Mach number Ma2 and the 
angle ¢ of the edge of the jet be? Assume k = 1.4 as usual. 


Solution: Get the Mach number in the exit and then execute a Prandtl-Meyer 


expansion: 
P, = 10 kPa 





Fig. P9.147 


ot =4.0, read Ma, ~2.94, Table B.5: @, =48.59°, p.) =P. =500 kPa 


Po/P2 -12 =50, read Ma, ~3.21 Ans. (a) Read @, =53.61°, 


A@ = 53.61—48.59 =5.02°, or =90-—A@ = 85.0° Ans. (b) 


see figure above 





9.148 Air flows supersonically over a circular-arc surface as in Fig. P9.148. Estimate 
(a) the Mach number Maz? and (b) the pressure p2 as the flow leaves the circular surface. 


Ma, =2.5 
pi = 225 kPa Ma, 


p2 


Ja 






Fig. P9.148 
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Solution: (a) At the initial condition Mal = 2.5, from Table B.5 read œl = 39.12°. 
(a) Circular arc or not, the turn angle is 32°, so @2 = 39.12 + 32 = 71.12°. From Table B.5 
read Ma? = 4.44. For more accuracy, use Eq. (9.99) to obtain Ma2 = 4.437. Ans. (a) 


(b) To find p2, first find the stagnation pressure: 
235 273.5 
Po =P (1 +0.2 Ma; ) = (150 kPa)[1 + 0.2(2.5) T” =2563 kPa 


3.5 
Then p, =p, A (1+0.2 Ma;_) = (2563)/[1+0.2(4.437) °° =9.6 kPa Ans. (b) 





P9.149 Air flows at Ma» = 3.0 past a doubly symmetric diamond airfoil whose front 
and rear included angles are both 24°. For zero angle of attack, compute the drag 
coefficient with shock-expansion theory and compare with Ackeret theory. 


Solution: The airfoil and its front and rear pressures are shown below. 














Ma = 2.406 
P2 = 2.3404 po 
z 6 Ma; = 3.653 
@ = 36.892 PETOA 
Ma» =3.0 h = 60.892° 
— 
Po 
Fig. P9.149 
The foil thickness is C[tan(12°)] = 0.2126C. The drag coefficient is: 
2. —-0. k 
= i _ (2.3404 p,, — 0.0099 es )b(0.2126C) _ 0.0787 Ans. 
(k/2)Maz, pp bC (1.4/2))(3.0)* p,,bC 


From Ackeret theory, Eq. (9.107), the drag coefficient prediction is somewhat lower: 








4 d 4 
CR i= la? +( - Vave | = = 10? + tan? (12°)] = 0.0639 Ans. 
Ma2 -1 x V3? -1 
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Ackeret (small-disturbance) theory is 19% low because the airfoil is too thick (21%). 





9.150 A flat plate airfoil with chord C = 1.2 m is to have a lift of 30 kN/m when flying 
at 5000-m standard altitude with U» = 641 m/s. Using Ackeret theory, estimate (a) the 
angle of attack; and (b) the drag force in N/m. 


Solution: At 5000 m, p= 0.7361 kg/m’, T =256 K, and p = 54008 Pa. Compute Ma: 


641 30000 4a 


Mi= anag °°" Gayorsenearraann "era 


Solve for a@=0.0716 rad = 4.10° Ans. 


With angle of attack known, Ackeret theory simply predicts that 
D=Ltana@ = 30000 tan(4.10°) = 2150 N/m Ans. (b) 





9.151 Air flows at Ma = 2.5 past a half- 


wedge airfoil whose angles are 4°, as in Ma,,=2.5 e 
Fig. P9.151. Compute the lift and drag a 
coefficients at œ equal to (a) 0°; and (b) 6°. 

Fig. P9.151 


Solution: Let’s use Ackeret theory here: 
4 


V(2.5)° -1 


[A complete shock-expansion calculation gives CL ~ —0.0065, CD ~ 0.00428. ] 


(a)a=0: C, 0; Che jo + 5 (an? 4°4 o| = 0.00427 Ans.(a) 


4(0.105) 
b) @=6°=0.105 rad: C, = > x 0.183, 
© LO 4525 


_ 4 2 Pao K 
SENET [(0.105)° + (1/2)(tan* 4° + 0)] + 0.0234 Ans. (b) 


[A complete shock-expansion calculation gives CL ~ 0.179, CD = 0.0219.] 
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P9.152 The X-43 model A scramjet aircraft in Fig. 9.30 is small, W = 3000 lbf, and unmanned, 
only 12.33 ft long and 5.5 ft wide. The aerodynamics of a slender arrowhead-shaped 
hypersonic vehicle is beyond our scope. Instead, let us assume it is a flat plate airfoil of area 2.0 
m’. Let Ma =7 at 12,000 m standard altitude. Estimate the drag, by shock-expansion theory. 
[HINT: Use Ackeret theory to estimate the angle of attack.] 


Solution: From Table B.6 at 12,000 m, PSR 
pı = 19312 Pa and T; = 216.66 K. a=l ER 


. i = ps = 16209 Pa 
Knowing W = 3000 Ibf = 13345 N, Ma, =7 
we can estimate Cy, = W/[0.5kpMa1°] = 
(13345N)/[0.5(1.4)(19312)(7)°(2.0)] = 0.0101. 
Use Ackeret theory, Eq. (9.104), to estimate az p2 = 22902 Pa 


Cı = 0.0101 = 4a (Ma — 1? , solve for a = 1.0 degree. 


Assume a@ = | degree, as in the figure. From shock theory, Eqs. (9.86) and (9.83a), 
calculate 


Maz = 5.582, 8 =8.848°, po/p = 1.186, po= 1.186(19312) = 22902 Pa 
The Prandtl-Meyer expansion is on the top, with a turning angle of 1 degree. From Eq. (9.99), 


Ma, =7, a =90.97°,, @, = 90.97 + 1° =91.97°,, read Ma, = 7.195 
Po = (19312 Pa) [1 +0.2(7)° P> = 7.995E7 Pa = p,3 
p3 = (7.995E7 Pa) /[1 + 0.2(7.195) > =16212 Pa 


The (hypothesized) wing area is 2.0 m?. The total force, lift, and drag of the flat plate is thus 


F = (p - p;)A, = (22902-16209 Pa)(2.0m7) = 13386N=3009lbf ~ Lift 
Drag = F sin(1°) = (13386 N)(0.01745) = 234N = 53 lbf Ans. (close enough!) 


We could iterate, but we are already within 0.3% of the correct lift. Ackeret theory was 
surprisingly accurate for such a high Mach number, because of the very small deflection. 
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9.153 A supersonic transport has a mass of 65 Mg and cruises at 11-km standard 
altitude at a Mach number of 2.25. If the angle of attack is 2° and its wings can be 
approximated by flat plates, estimate (a) the required wing area; and (b) the thrust. 


Solution: At 11 km (Table B.6), take po = 22612 Pa. (a) Use linearized theory: 





4a 4(2/180) wW 65000(9.81) 
CiS = = 0.0693 = = a 
Mea” 31205751 k pMa?2A 9-7(22612)(2.25)'A 
2 


A=115m’ Ans. (a) 
(b) According to linearized (Ackeret) theory, if there is no thickness drag, then 


Drag=Liftxa, or Drag = Thrust =65000(9.81)(277/180) = 22,300N Ans. (b) 





9.154 A symmetric supersonic airfoil has its upper and lower surfaces defined by a sine 
waveshape: 


Le 
= — SIN — 
IER RG 


where ¢ is the maximum thickness, which occurs at x = C/2. Use Ackeret theory to 
derive an expression for the drag coefficient at zero angle of attack. Compare your 
result with Ackeret theory for a symmetric double-wedge airfoil of the same thickness. 
Solution: Evaluate the mean-square surface slope and then use Eq. (9.107): 


amt TX 1° (at > TX m(t f 
vofa) veel 
2C C Cy \2C C 8 (C 


0 
4 2,1 nm t? 
Ata=0, Cp= o+4.2 . 
F Tal H 5 C 


4 m\(ty 
or: Cy = -=| — (=} Ans. 
n el 8 c 


Meanwhile, for a double-wedge of the same thickness ż, from Prob. 9.152, 








2 
2 (<) (19% less) Ans. 


Cp double-wedge = > C 
(Maz, -1 
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P9.155 The F-35 airplane in Fig. 9.29 has a wingspan of 10 m and a wing area of 41.8 
m°. It cruises at about 10 km altitude with a gross weight of about 200 KN. At that 
altitude, the engine develops a thrust of about 50 kN. Assume the wing has a symmetric 
diamond airfoil with a thickness of 8%, and accounts for all lift and drag. Estimate the 
cruise Mach number of the airplane. For extra credit, explain why there are two 


solutions. 


Solution: At 10 km standard altitude, from Table B.6, p = 0.4125 kg/m’, and 


atmospheric pressure is po = 26416 Pa. We need to match lift and drag to the given 


weight/thrust data: 
f k 2 4a 7 : 
Lift = W = 200,000N = C,;—Ma’ p,,A , where C; = —————., @ in radians 
2 Ma -1 
= = -cC É pyg ah 2 D2 
Drag = Thrust = 50,000 N = Cp ~Ma pA , where Cp = la" +) ag] 
E Ma? -1 dx 


For a symmetric 8% diamond airfoil, as in Fig. E9.21, the slope everywhere is |dy/dx| = 


0.08, so the numbers for lift and drag are as follows: 


W = 200,000N = 2% 4) Ma? (26416 Pa)(41.8m?) 
Ma? -1 2 
T = 50,000 N = i +(0.08)? 1) Ma’ (26416 Pa)(41.8m7) 
Ma‘ -1 


to be solved for a and Ma. It was a bit of a surprise to the writer that there are two 
solutions to this system, both quite realistic: 

(1) High velocity, low lift coefficient: @ = 0.02895 rad (1.66°), Ma = 1.90 Ans.(1) 

(2) Low velocity, high lift coefficient: a@ = 0.02895 rad (1.66°), Ma = 1.176  Ans.(2) 
NOTE: The true Mach number of the F-35A would include drag and lift of the fuselage and tail. 
EXTRA CREDIT: Why are there two solutions? Because the lift and drag vary as 


Ma?/(Ma?-1)!?, which, for a given @, comes down and then back up again, like this: 


Chapter 9 e Compressible Flow 743 


250000 





225000 


a = 0.02895 radians 





Two solutions 


ut, N rood Fig. P9.155 














175000 














150000 











To match both lift and drag requires a = 0.02895 radians, then solving the lift as a 
quadratic equation yields the two solutions, Ma = 1.176 and 1.900. COMMENT: Ma= 
1.176 is close to the transonic regime, for which Ackeret theory falters. 





9.156 A thin circular-are airfoil is shown 
in Fig. P9.156. The leading edge is parallel 
to the free stream. Using linearized (small- 
turning-angle) supersonic-flow theory, 
derive a formula for the lift and drag co- 
efficient for this orientation, and compare 
with Ackeret-theory results for an angle of 
attack a= tan |(h/L). 


Solution: For the (x,y) coordinate system 
shown, the formula for the plate surface is 


Yeo = R? -x° -R +h, 


L +h? dy x 





where R= , and 


2h dx R2-x? 


Maz} LE Circular-arc foil 
h 
0 L TE 
Ap 
> upper 
Ap 
lower vf 
Fig. P9.156 


744 Solutions Manual Fluid Mechanics, Seventh Edition 


If h <<L (small disturbances), R<<L,h. Since the flow approaches parallel to the 
leading edge, the pressure distribution on the airfoil looks like the bottom figure on the 
previous page. We compute this pressure distribution from the linearized expression, Eq. 
(9.89): 


2 
2B 
AP SBE, where p- Ma. Thus Ap — Ap noe 
2 lower upper 2 2 
Po dx {Ma;z, -1 R^ -x 
L 
Lift= | APoni 4A gon =2Bp.. | x(R?-x°)'? cosb dx, 
foil 0 


271/2 
where cos =[1+(dy/dx)” | 
Carry out this integration, assuming thath <<L, R<<L, chord length C ~ L, to obtain 


2kMa2 Lift 4 h 
Lift x = p,bh, or C, =————— » ———__— 
5 -(/2)Ma2p,bL [Maz —1 L 


JMa? -1 


But h/L* aradians, therefore C, ~ [4 7 | Ma? -i |o which is exactly Ackeret theory. 


Ans. (a) 


E -1/2 
Similarly, Drag =2Bp,,{ x(R?-x°) sin bdx ~ [21m (Maz, -1) l p.bh{ | 
0 


or: Cy [a Ma -1 |o? (1 + z) zca? [1 + z) Ans. (b) 


This is exactly the same as Ackeret theory. The extra term “1/3” is the “thickness-drag” 
contribution (actually the camber slope contribution) from Eqs. (9.106, 107) of the text. 








P9.157 The Ackeret airfoil theory of Eqs. (9.104-5) is meant for moderate supersonic 
speeds, 1.2 <Ma<4. How does it fare for hypersonic speeds? To illustrate, calculate 
(a) C, and (5) Cp for a flat-plate airfoil at a= 5°, with Ma., = 8.0, using shock-expansion 


theory, and compare with Ackeret theory. Comment. 
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Solution: Like Example 9.19, we need only calculate a (steep) shock wave on the 
bottom and a (steep) expansion wave fan on the top. The results are shown in the figure 


below. 


expansion waves 





— rn Ma; = 9.412 
Ma..=8.0, Do p= 0.3442 po 


- B= 10.85° 
Fig. P9.157 P= 24771 pa 
shock 


If the airfoil has length C and span J, the force on the plate is F = (p2- p3)bC. Then we 


compute Lift = F cos a and Drag = F sin æ. The two force coefficients are: 








2.4771 Pa, — 0.3442 pa )bC cos 5° ; 
pa OAR V E a OY A 
(k/2)p,,MazbC (1.4/2)(8.0) 
2.4771 Pa, — 0.3442 p,,)bCssin 5° . 
p a EHA a E 
(k12) pa Ma2bC (1.4/2)(8.0) 


If we apply Ackeret theory to the same data, we obtain, much more simply, 


CL Ackeret x “Tee ay = hos = 0.0440  Ans.(a) — 7%low 
Maz, -1 8 -1 
4a? 4(57/180)? 
Cp, Ackeret x = = sony = 0.00384 Ans.(b) — 8% low 
Ma;z, -1 8-1 


Even at hypersonic Mach numbers, Ackeret theory is not bad — and temptingly simple! 


The theory is helped here by the fact that the angle of attack and foil thickness are small. 
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FUNDAMENTALS OF ENGINEERING EXAM PROBLEMS: Answers 


In the following problems, assume one-dimensional flow of ideal air, R = 287 J/(kg-K) 
and k = 1.4. 


FE9.1 For steady isentropic flow, if the absolute temperature increases 50%, by what 
ratio does the static pressure increase? 
(a) 1.12 (b)1.22 (c)2.25 (d)2.76 (e) 4.13 
FE9.2 For steady isentropic flow, if the density doubles, by what ratio does the static 
pressure increase? 
(a) 1.22 (b) 1.32 (c)144 (d)2.64 (e) 5.66 
FE9.3 A large tank, at 500 K and 200 kPa, supplies isentropic air flow to a nozzle. At 
section 1, the pressure is only 120 kPa. What is the Mach number at this section? 
(a) 0.63 (b) 0.78 (c) 0.89 (d)1.00 (e) 1.83 
FE9.4 In Prob. FE9.3 what is the temperature at section 1? 
(a)300K (b)408K (c)417K (d) 432K (e)500K 
FE9.5 In Prob. FE9.3, if the area at section 1 is 0.15 mê, what is the mass flow? 
(a) 38.1 kg/s (b) 53.6 kg/s (c) 57.8 kg/s (d) 67.8 kg/s (e) 77.2 kg/s 
FE9.6 For steady isentropic flow, what is the maximum possible mass flow through the 
duct in Fig. FE9.6? (To = 400 K, po = 300 kPa) 
(a) 9.5 kg/s (b)15.1 kg/s (c)26.2 kg/s (d)30.3 kg/s (e) 52.4 kg/s 


Throat area = 0.05 m? 





Fig. FE9.6 


FE9.7 Ifthe exit Mach number in Fig. FE9.6 is 2.2, what is the exit area? 

(@) 0.10m? (b)0.12m? (c)0.15m? (d)0.18 m? (e) 0.22 m? 
FE9.8 If there are no shock waves and the pressure at one duct section in Fig. FE9.6 is 
55.5 kPa, what is the velocity at that section? 

(a) 166 m/s (b) 232 m/s (c)554m/s (d)706m/s (e) 774 m/s 
FE9.9 _ If, in Fig. FE9.6, there is a normal shock wave at a section where the area is 0.07 m, 
what is the air density just upstream of that shock? 

(a) 0.48 kg/m? (b)0.78 kg/m? (c) 1.35 kg/m? (d) 1.61 kg/m? (e) 2.61 kg/m? 
FE9.10 In Prob. FE9.9, what is the Mach number just downstream of the shock wave? 
(a) 0.42 (b)0.55 (c) 0.63 (d)1.00 (e) 1.76 
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COMPREHENSIVE PROBLEMS 


C9.1 The converging-diverging nozzle in the figure has a design Mach number of 2.0 at 
the exit plane for isentropic flow from tank a to b. (a) Find the exit area Ae and back 
pressure pb which will allow design conditions. (b) The back pressure grows as tank b 
fills with air, until a normal shock wave appear in the exit plane. At what back pressure 
does this occur? (c) If tank b remains at constant T = 20°C, how long will it take for the 
flow to go from condition (a) to condition (b)? 


Throat area = 0.07 m? 





Fig. C9.1 


Solution: (a) Compute the isentropic pressure ratio and area ratio for Ma = 2.0: 


Ma, =2.0: TableB.1: 2¢ =0.1278, p, =0.1278(1E6) =128,000Pa Ans. (a) 
Po 


Ae _1 6875, A, =1.6875(0.07) =0.118m? Ans. (a) 


At 
(b) Compute the pressure ratio across a shock for Ma = 2.0: 


Ma, =2.0: Table B.2: 2° =4.5, p, =4.5(128000) =575,000Pa Ans. (b) 
Pe 


(c) Compute the (constant) mass flow and the mass needed to fill the tank: 
(1E6)(0.07) _ 126.5 kg 
4/287(500) s 
575000 128000 
287(293) 287(293) 
Since mass flow is constant, the time required is simply the ratio of these two: 


Am _ 5319kg _ 4.2sec Ans. (c) 
m  126.5kg/s 





ok 
Ht = Tit, = 0.6847 Pea = 0.6847 


AMrank = (P final — Pinitial Prank = | 


= constant 


Joon?) = 531.9kg 


At, 


required T 
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C9.2 Two large air tanks, one at 400 K and 300 kPa and the other at 300 K and 100 kPa, 
are connected by a straight tube 6 m long and 5 cm in diameter. The average friction 
factor is 0.0225. Assuming adiabatic flow, estimate the mass flow through the tube. 


Solution: The higher-pressure tank denotes the inlet stagnation conditions, po = 300 kPa 
and To = 400 K. The flow will be subsonic, but we have no idea whether it is choked. 
Assume that the tube exit pressure equals the receiver pressure, 100 kPa. We must iterate—an 
ideal job for EES! We do know (f AL/D): 


go = 0.0225 a = 2.70 
D 0.05 


If p2 = 100 kPa, we must ensure that the inlet Mach number is just sufficient that the inlet 
stagnation pressure pol = 300 kPa: 


Guess Ma2, back off (fAL/D) = 2.70, find Mal, check p*, p1, and pol. Example: 
Č T 
Ma, =1.0, p* =p, =100kPa, f 7% fy 72-70, 


Read Ma, = 0.380, Pi 22.84 Then P, =2.84(100) = 284 kPa, 


ee 
| =[14+0,2(0.380)}*°, solve p,, =314kPa # 300 
Poi 


So we back off and try values of Ma2 < 1.0 and proceed until the inlet matches. The 
solution (performed by the author using EES) is 


Ma, =0.962, Ma, =0.380, p,=p*=100kPa, p,=271.5kPa, 7, =389K, 





p, =2.434 w V, =150 ©, m= p ZD, =0.718 E Ans. 
m s 4 s 


So the tube is nearly, but not quite, choked. 





C9.3 Fig. C9.3 shows the exit of a converging-diverging nozzle, where an oblique 
shock pattern is formed. In the exit plane, which has an area of 15 cm’, the air pressure is 
16 kPa and the temperature is 250 K. Just outside the exit shock, which makes an angle 
of 50° with the exit plane, the temperature is 430 K. Estimate (a) the mass flow; (b) the 
throat area; (c) the turning angle of the exit flow; and, in the tank supplying the air, 
(d) the pressure and (e) the temperature. 
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Fig. C9.3 


Solution: We know the temperature ratio and the shock wave angle, so we can muddle 
through oblique-shock-wave theory to find the shock conditions: 





eta 1.72; B=40° Iterate Eqns.(9.83) or use EES! 
T, 250 
k A 1 
Solution: Magy =3.17; p,=0.223 *8; 4t-499-—?_, 
m A* A 


throat 


Amroat =3-00cm? Ans. (b) 


throa! 





V; = Maa, =1006 ®, =p 4V, =0.336 FE Ans. (@) Opa =22.88° Ans. (c) 
S S 


With the exit Mach number known, it is easy to compute stagnation conditions: 


Porank = 16[1+0.2(3.17 F =760kPa Ans. (d) 
T, ang =250[1+0.2(3.17)]=753K_ Ans. (e) 





C9.4 The properties of a dense gas (high pressure and low temperature) are often 
approximated by van der Waals’ equation state [Refs. 17 and 18]: 











PRT 2 
= —a 
p 1-b, 1P 
2m2 mp4 
where q = ZIRE =9E5 f : for air 
64p, slug 
3 
and b, = Siz 0.65 for air 
Pe slug 


Find an analytic expression for the speed of sound of a van der Waals gas. Assuming 
k = 1.4, compute the speed of sound of air, in ft/s, at -100°F and 20 atm, for (a) a 
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perfect gas, and (b) a van der Waals gas. What percentage higher density does the 
van der Waals relation predict? NOTE: 1 atm = 2116 lbf/ft. 


Solution: For air, take R = 1716 ft-lbf/slug°R. First evaluate the densities, T = 360°R: 





20 x 2116 lof / ft? 
Ideal gas: p=. = x pif = 0.0684 aus 
RT (1716 ft —Ibf / slug R)(360° R) ft 
van der Waals: 
202116 = 21716360) _ ors 4? Solve for p= 0.072448 
1-0.65p w 


The van der Waals relation predicts air density 5.7% higher. 
(a) For an ideal gas, 

ideal = VKRT = {(1.4)(1716)(360) = 930ft/s Ans.(a) 
(6) For the van der Waals gas, 


RT pRTb, 





2 _ 14,2 
a’ =k(——)r = kl H 2ap] 
op 1-bp (-bp) 
Plug in the numbers: ayan der Waals = 877 ft/s Ans.(b) 


C9.5 Consider one-dimensional steady flow of a non-ideal gas, steam, in a 
converging nozzle. Stagnation conditions are po = 100 kPa and To = 200°C. The 
nozzle exit diameter is 2 cm. If the nozzle exit pressure is 70 kPa, (a) calculate the 
mass flow and the exit temperature for real steam, from the Steam Tables or using 
EES. (As a first estimate, assume steam to be an ideal gas from Table A.4.) Is the 
flow choked? (b) Find the nozzle exit pressure and mass flow for which the steam 
flow is choked, using EES or the Steam Tables. 


Solution: (a) For steam as an ideal gas, from Table A.4, k = 1.33 and R = 461 J/kg-K. 
First use this approximation to find the exit Mach number: 





p _ 70kPa -( 0.33 
2 


133/033 
>. 100kPa I+ maè) , solve for Ma, ~0.75 Flow is not choked 
Po a 
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For real steam, we use EES. The nice Power-law ideal-gas formulas, Eqs. (9.26—9.28), 
are invalid, but the energy equation (9.22) is valid, and the nozzle flow is isentropic. First 
evaluate 


ho = ENTHALPY (steam, p = 100, T = 473) = 2875 kJ/kg-K 
so = ENTROPY (steam, p = 100, T = 473) = 7.833 kJ/kg-K 


Then use the energy equation with the known pressure at the exit: 


2 


h, =2875 =h, + Ua with h, =ENTHALPY(steam, p = 70, s = 7.833) 
~ 2(1000) 


EES returns the result A, =2800kJ/kg and V, =385 m/s 





The specific request was for the exit temperature and the mass flow: 
Te = TEMPERATURK(steam, p = 70, s = 7.833) = 434 K Ans. (a) 
pe = DENSITY (steam, p = 70, s = 7.833) = 0.351 kg/m? 
mass flow = pedeVe = (0.351 kg/m?)(/4)(0.02 m)*(385 m/s) = 0.0425 kg/s Ans. (a) 


EES now has a speed of sound function, so we can compute 
de = SOUNDSPEED(steam, p = 70, s = 7.833) = 512 m/s 
Hence the exit Mach number is Mae = (385 m/s)/(512 m/s) = 0.75 


The agreement with perfect-gas theory is excellent. 


(b) We are asked to determine pe for which the flow is choked, using EES. Ideal gas 
theory for k ~ 1.33 predicts from Eq. (9.32) that p*/po ~ 0.54. For EES, real steam, we 
use the same procedure as in part (a) above and reduce pexit gradually until the mass flow 
is a maximum. The final result is pe = 54.2 kPa: 


p./p, =0.542, Ma, ~1.00, tit, = 0.04517 kg/s Ans. (b) 





C9.6 Extend Prob. C9.5 as follows. Let the nozzle be converging-diverging, with an 
exit diameter of 3 cm. Assume isentropic flow. (a) Find the exit Mach number, pressure, 
and temperature for an ideal gas, from Table A.4. Does the mass flow agree with the 
value of 0.0452 kg/s in Prob. C9.5? (b) Investigate, briefly, the use of EES for this 
problem and explain why part (a) is unrealistic and poor convergence of EES is obtained. 
[HINT: Study the pressure and temperature state predicted by part (a).] 
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Solution: (a) For steam as an ideal gas, from Table A.4, k = 1.33 and R = 461 J/kg: K. 


97) 05(K+D MED) 
Aan _ (140.03)? _ 5 ye __1_|[E+0.5¢k—D.May | 


3 ; for k =1.33 
A* — (7/4)(0.02) Ma, 0.5(k +1) 


Solve for Ma, =2.27 Ans. (a) 


For the exit pressure, temperature, and mass flow, use the ideal Power-law relations: 





T,=T, [i +0.5(k IMa: | =473/{[1+0.165(2.27}]=256K_ Ans. (a) 


kl (k- 
Pe=P, i ee ED L 100/[1+0.165(2.27 t? =8.4kPa Ans. (a) 





Pe = =0. 0713 £ ; V,=Ma,a, =898 ae m = 2,4,V, =0.0452 kg/s_ Ans. (a) 
a m? s 


The mass flow does equal the choked-flow value from Prob. C9.5, as expected. 


(b) Recall from Prob. C9.5 that po = 100 kPa and To = 200°C, which corresponds for real 
steam (EES) to ho = 2875 kJ/kg: K ane So = 7.833 kJ/kg. We proceed through the nozzle, 
using the energy equation, ho =h + /2, plus the condition of constant entropy. We also 
know that the flow is choked at 0.0452 kg/s with a throat diameter of 2 cm. The results 
are, for real steam, 


Mae = 2.22; pe=10.2 kPa; Te=319K; pe=0.0725 kg/m’; Quality = 96% 


The ideal-gas theory is still reasonably accurate at this point, but it is unrealistic, since the 
real steam has entered the two-phase (wet) region. 





C9.7 Professor Gordon Holloway and his student, Jason Bettle, of the University 
of New Brunswick, obtained the following tabulated data for blow-down air flow 
through a converging-diverging nozzle similar in shape to Fig. P3.22. The supply 
tank pressure and temperature were 29 psig and 74°F, respectively. Atmospheric 
pressure was 14.7 psia. Wall pressures and centerline stagnation pressures were 
measured in the expansion section, which was a frustrum of a cone. The nozzle 
throat is at x = 0. 


Chapter 9 e Compressible Flow 753 





x (cm): 0 1.5 3 4.5 6 7.5 9 
Diameter (cm): 1.00 1.098 1.195 1.293 1.390 1.488 1.585 
pwall (psig): 77 2.6 4.9 7.3 6.5 10.4 -7.4 
pstagnation 29 26.5 22.5 18 16.5 14 10 
(psig): 


Use the stagnation pressure data to estimate the local Mach number. Compare the 
measured Mach numbers and wall pressures with the predictions of one-dimensional 
theory. For x >9 cm, the stagnation pressure data was not thought by Holloway and 
Bettle to be a valid measure of Mach number. What is the probable reason? 


Solution: From the cone’s diameters we can determine A/A* and compute theoretical 
Mach numbers and pressures from Table B.1. From the measured stagnation pressures we 
can compute measured (supersonic) Mach numbers, because a normal shock forms in 
front of the probe. The ratio po2/pol from Eq. (9.58) or Table B.2 is used to estimate the 
Mach number. 

x (cm): 0 1.5 3 4.5 6 7.5 9 
Ma-theory: 1.00 1.54 1.79 1.99 2.16 2.31 2.45 


pw-theory (psia): 23.1 11.2 7.72 5.68 4.36 3.44 2.77 


The comparison of measured and theoretical Mach number is shown in the graph 
below. 


2.5 








1.5 








Mach Number 
































0 12 3 4 5 6 7 8 9 10 
X, cm 
Problem C9.7 
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The comparison of measured and theoretical static pressure is shown in the graph 
below. 


op. dal 
VERES 


TP meow 








X,cm 


Holloway and Bettle discounted the data for x > 9 cm, which gave Mach numbers and 
pressures widely divergent from theory. It is probably that a normal shock formed in 
the duct. 





C9.8 Engineers call the supersonic combustion, in the scramjet of Fig. 9.30, almost 
miraculous, “like lighting a match in a hurricane”. Figure C9.8 is a crude idealization of 
the engine. Air enters, burns fuel in the narrow section, then exits, all at supersonic 
speeds. There are no shock waves. Assume areas of 1 m” at sections 1 and 4 and 0.2 m* 
at sections 2 and 3. Let the entrance conditions be Ma, = 6, at 10,000 m standard altitude. 
Assume isentropic flow from | to 2, frictionless heat transfer from 2 to 3 with Q = 500 
kJ/kg, and isentropic flow from 3 to 4. Calculate the exit conditions and the thrust 


produced. 
Se 
—> —> 


Met ee 





Fig. C9.8 
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Solution: From Table B.6 at 10,000 m, pı = 26416 Pa, Tı = 223.16 K, pı = 0.4125 kg/m?, 
and a; = 299.5 m/s. Calculate the inlet velocity and mass flow: 


V, = Ma, a, = (6.0)(299.5) = 1797m/s , m = p 4 Vi = (0.4125)(1.0)(1797) = 741kg / s 
Now find conditions at section 2, assuming one-dimensional isentropic steady flow: 


Ty = Typ = (223.16)[1+0.2(6)] - 1830K; py, = Por = (26416)[1 + 0.2(6)” ]3° = 4.17B7 Pa 





A A 2m 
At Ma, =6.0, — =53.18; then — = (53.18) 2” ) = 10.64 for which Ma, = 3.991 
A* A* 1.0m 
1830 K 4.171E7 P. 
ee K ; p = — Z _ = 278,000 Pa 
[1+ 0.2(3.991)] [+ 0.28.9917 P 


Use frictionless heat-addition theory to get from section 2 to section 3: 





Ma, = 3.991: To _ 9.5805, T* = 3104K; J2 =0.169 ,T* = 2587K 








* o T* = 

oO 
P2 _ 0.103, p* = 2.698E6 Pa ; Ty3 = Typ +L = 18304 50000 = 2307 
p* Cy 1005 
T, 
03. 2327 _ 97497 , thus Ma, = 2.238; 22 = 0.2996 , p; = 808,500 Pa 
TË 3104 * 


Now move isentropically from section 3 to section 4 (staying supersonic, of course): 
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Po3 = Poa = P3{1+0.2(Maz )P> = (808500)[1 + 0.2(2.238) P5 = 9.17E6 Pa 





A A Om? 
Ma, = 2.2376, + = 2.073, then =% = (2.073)(4 on = 10.37 and Ma, = 3.963 
A A 0.2m 
9.17E6 Pa 2327K 


= ——_——___ = 63,480 Pa ; T, = ———————_ = 562 K 
+ 1+0.26.963)" 9 + [1+0.26.963)] 
_ P4 ke y a 2 m 
pa = = = 0.394 ; V, = Ma4 | kRT} = (3.963)(475) = 1883 — 
RT, m? S 
Check the mass flow = (1883)(1.0)(0.394) =741 kg/s, Yes. For a control volume around 


the scramjet, we find that the thrust is due to both velocity changes and pressure changes: 


Thrust = F = m(V4—V,)+A,(p4 - py) = 





= (74181883 —1797 2 + (1.0 m° )(63480 -26416 Pa) = 
s s 
= 64150 + 37060 = 101,200 N = 22,750 lbf Ans. 
Excellent force, but the combustion chamber has to withstand high pressures (8 atm) and 


high temperatures (2600 K). For this simple one-dimensional model, the thrust goes up 
linearly with Q. 





Chapter10- OpenChannelFlow 


10.1 The formula for shallow-water wave propagation speed, Eq. (10.9) or (10.10), is 
independent of the physical properties of the liquid, i.e., density, viscosity, or surface 
tension. Does this mean that waves propagate at the same speed in water, mercury, 
gasoline, and glycerin? Explain. 


Solution: The shallow-water wave formula, c, =./(gy), is valid for any fluid except 
for viscosity and surface tension effects. If the wave is very small, or “capillary” in size, 
its propagation may be influenced by surface tension and Weber number [Ref. 3-7]. If 
the fluid is very viscous, its speed may be influenced by Reynolds number. The formula 
is accurate for water, mercury, and gasoline, in larger channels, but would be inaccurate 
for glycerin. 





P10.2 Water at 20°C flows in a 30-cm-wide rectangular channel at a depth of 10 cm and a 
flow rate of 80,000 cm/s. Estimate (a) the Froude number; and (b) the Reynolds number. 


Solution: For water, take p= 998 kg/m? and 


‘— = 0.001 kg/m-s. The surface wave speed is 





co =J 2y =V (9.81m/s?° (0.1m) = 0.99m/s 





3 
y = Q _ (80,000cm /s) _ 267 "E -= 267” 
A (30cm)(10cm) sS s 
2.6 
Froude number : Fr = F = Zorms = 2.69 (supercritical) Ans.(a) 
c 0.99m/s 


o 
The average velocity is determined from the given flow rate and area: 


The Reynolds number should be, for this writer, based upon hydraulic radius: 





10.3 Narragansett Bay is approximately 21 (statute) mi long and has an average depth 

of 42 ft. Tidal charts for the area indicate a time delay of 30 min between high tide at the 

mouth of the bay (Newport, Rhode Island) and its head (Providence, Rhode Island). Is 
_A__ (0.3m)X(0.lm) 


h P (0.3+0.1+0.1m) 
_ PVR, _ (998)(2.67)(0.06) 


u (0.001) 


= 0.06m 


= 160,000 (turbulent) Ans.(b) 





Reynolds number: Reg, 
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this delay correlated with the propagation of a shallow-water tidal-crest wave through the 
bay? Explain. 


Solution: If it is a simple shallow-water wave phenomenon, the time delay would be 


_ AL _ (21 mi)(5280 ft/mi) 


At a NA ALAAN 


= 3015 s=50 min Ans.??? 


This doesn’t agree with the measured At = 30 min. In reality, tidal propagation in estuaries 
is a dynamic process, dependent on estuary shape, bottom friction, and tidal period. 








10.4 The water-channel flow in Fig. P10.4 -OOO 
has a free surface in three places. Does it Fig. P10.4 
qualify as an open-channel flow? Explain. 

What does the dashed line represent? 


Solution: No, this is not an open-channel 

flow. The open tubes are merely piezometer 

or pressure-measuring devices, there is no flow in them. The dashed line represents the 
pressure distribution in the tube, or the “hydraulic grade line” (HGL). 





P10.5 Water flows down a rectangular channel that is 4 ft wide and 3 ft deep. 
The flow rate is 15,000 gal/min. Estimate the Froude number of the flow. 


Solution: Convert the flow rate from 15,000 gal/min + 448.83 = 33.4 ftè/s. The water 
velocity and wave speed may be calculated: 


V=Q0]/A= (33.4 fP /s)/3x4ft?)= 2.78 fils; c= Jey = (B2.2ft/s*)Bft) = 9.83 ft/s 
Thus Fr = V/c = 2.78/9.83 = 0.28 (subcritical) Ans. 





10.6 Pebbles dropped successively at the 
same point, into a water-channel flow of 
depth 42 cm, create two circular ripples, as 
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in Fig. P10.6. From this information, estimate (a) the Froude number; and (b) the stream 


velocity. 
Fig. P10.6 


Solution: The center of each circle moves at stream velocity V. For the small circle, 


small circle: X= av large circle: X+4+6+9= A 
c c 


o o 


Solve Fr= v =3.8 Ans. (a) 


o 





Compute c, = Jgh = /9.81(0.42) = 2.03 ©, Vuren =3.80, =7.7 © Ans. (b) 
s s 
NEA 
10.7 Pebbles dropped successively at the Fig. P10.7 


same point, into a water-channel flow of 
depth 65 cm, create two circular ripples, 
as in Fig. P10.7. From this information, 
estimate (a) the Froude number; and (b) the 
stream velocity. 


Solution: If the pebble-drop-site is at distance X ahead of the small-circle center, 


small circle: X = a~, large circle: X +4 = àn solve Fr = a = Z Ans. (a) 


c, = gn = 9,810.65) =2.53 Os Veron ==, =1.68 ™ Ans. (b) 





10.8 An earthquake near the Kenai Peninsula, Alaska, creates a single “tidal” wave 
(called a ‘tsunami’) which propagates south across the Pacific Ocean. If the average 
ocean depth is 4 km and seawater density is 1025 kg/m, estimate the time of arrival of 
this tsunami in Hilo, Hawaii. 


Solution: Everyone get out your Atlases, how far is it from Kenai to Hilo? Well, it’s 
about 2800 statute miles (4480 km), and seawater density has nothing to do with it: 
Ax 4480E3 m 


At travel E A RATAA aN = 22600 s = 6.3 hours Ans. 
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So, given warning of an earthquake in Alaska (by a seismograph), there is plenty of time 
to warn the people of Hilo (which is very susceptible to tsunami damage) to take cover. 





10.9 Equation (10.10) is for a single disturbance wave. For periodic small-amplitude 
surface waves of wavelength A and period T, inviscid theory [5 to 9] predicts a wave 
propagation speed 


20 
c = ah tanh —— y 


where y is the water depth and surface tension is neglected. (a) Determine if this 
expression is affected by the Reynolds number, Froude number, or Weber number. 
Derive the limiting values of this expression for (b) y<< À and (c) y>>A. (d) Also for 
what ratio y/A is the wave speed within 1 percent of limit (c)? 


Solution: (a) Obviously there is no effect in this theory for Reynolds number or Weber 


number, because viscosity and surface tension are not present in the formula. There is a 
Froude number effect, and we can rewrite it as Froude number versus dimensionless 


depth: 
1 2 
Fryave = ie =z C tiahl zy) = fen{ y) Ans. (a) 





(b) 


y<<A: tanh =¢ if ¢<<1: c? g4 27y 


= = same as Eq. 10.10) Ans. (b 
o,long waves m A gy ( q ) ( ) 


(c) 
y>>d: tanh€~1 if ¢>>l: c 


o,short waves ~ 


A RN 
EN (periodic deep-water waves) Ans. (c) 
T 


(d) co =0.99co,deep if tanh(2zy/A) = 0.995 = tanh(3), or y/A=0.48. Ans. (d). 





10.10 If surface tension Y is included in the analysis of Prob. 10.9, the resulting wave 
speed is [Refs. 3 to 9]: 


c= ( #4, 2a¥ |, ) tan aay 
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(a) Determine if this expression is affected by the Reynolds number, Froude number, or 
Weber number. Derive the limiting values of this expression for (b) y<<A and (c) 
y>>À. (d) Finally determine the wavelength Acrit for a minimum value of co, assuming that 
yo>a. 


Solution: (a) Obviously there is no effect in this theory for Reynolds number, because 
viscosity is not present in the formula. There are Froude number and Weber number 
effects, and we can rewrite it as Froude no. versus Weber no. and dimensionless depth: 


2 
Fra =- = A (2 + SAA ‘tann{ 24¥) - fen we, 43, We = PEA Ans. (a) 


wave [os art 








4n? 


a 





(b) y<<À: tanh =¢ if ¢<<l: O ioie catia laya vy ) Ans. (b) 


gh , 2nY ) 
= (2 +——= Ans. (c) 


ahi 


(c) y>>A: tanh =1 if ¢>>l c 


o,short waves 


For a deep-water wave, part (c) applies, and we can differentiate with respect to A: 


dey 8 _ 22 





=0 if Agu =27, [x (where C, =Cy min) Ans. (d) 


an a— A? 


For water at 20°C, we may compute that Acrit ~ 0.018 m = 1.8 cm, as shown below. 
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0.1 0.15 0.2 


À , meters 





10.11 A rectangular channel is 2 m wide E 

and contains water 3 m deep. If the slope Fig. P10.11 
is 0.85° and the lining is corrugated metal, 

estimate the discharge for uniform flow. 


Solution: For corrugated metal, take 
Manning’s n = 0.022. Get the hydraulic 
radius: 


R, = =- =0.75m; Q=ŻAR IS = 


aLa 


(6)(0.75)*” [tan(0.85°)] 2 








naan 


or: Q#27 mĉ?/s Ans. 





10.12 (a) For laminar draining of a wide thin sheet of water on pavement sloped at 
angle 0, as in Fig. P4.36, show that the flow rate is given by 
bh’ sin@ 
j= Pees 
where b is the sheet width and h its depth. (b) By (somewhat laborious) comparison with 
Eq. (10.13), show that this expression is compatible with a friction factor f = 24/Re, where 
Re = Vayh/v. 
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Solution: The velocity and flow rate were worked out in detail in Prob. 4.36: 


pgsin@ 


h ba 
x-Mom. yields u==—y(2h-y), Q= [ ub dy = = 


Ans. (a) 


ns h’g sin@ 


forO<y<h. Then V,,, ==u,,, = and R =h 


i lots channel 


Interpreting “sin” as “So,” the channel slope, we compare Q above with Eq. 10.13: 











h? 
gumi i -fE E T a TE ay 
P10.13 A large pond drains down an asphalt rectangular channel that is 2 ft wide. 


The channel slope is 0.6 degrees. If the flow is uniform, at a depth of 21 inches, estimate 
the time to drain 1 acre-foot of water. 


Solution: From Table 10.1, for asphalt, Manning’s n = 0.016. The Chézy formula is 


1.486 0/3 6 1/2 2 A 3.5 
ae AR Se , A=by=(2X(1.75)= 3.5 f , R, = = 066 
Q= Pepa ois tea 242175) fi 


Thus Q = L g, 5 ft”) (0.636 ft)? [tan(0.6°)]""* = 24.6 fP /s 


Convert 1 acre-ft = (43560 ft”)(1 ft) = 43560 ft’. Then the time to drain this volume is 


3 
tran: = IIE = 1770s = 29.5 minutes Ans. 


24.6 fÈ Is 


This is a fast flow! The Froude number is approximately 0.94. 





10.14 The Chézy formula (10.18) is independent of fluid density and viscosity. Does 
this mean that water, mercury, alcohol, and SAE 30 oil will all flow down a given open 
channel at the same rate? Explain. 
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Solution: The Chézy formula, V =(1.0/n)(R, 7 J5., appears to be independent of 
fluid properties, with n only representing surface roughness, but in fact it requires that the 
channel flow be “fully rough” and turbulent, i.e., at high Reynolds number > 1E6 at least. 
Even for low-viscosity fluids such as water, mercury, and alcohol, this requires reasonable 
size for the channel, Rn of the order of 1 meter or more if the slope is small (S, << 1). 
SAE 30 oil is so viscous that it would need Rp > 10 m to approach the Chézy formula. 








10.15 The painted-steel channel of Fig. M] 
P10.15 is designed, without the barrier, for Fig. P10.15 

a flow rate of 6 m°/s at a normal depth of 1 

m. Determine (a) the design slope of the 

channel and (b) the percentage of reduction 

in flow if the painted-steel barrier is 

installed. 


Solution: For painted steel, n = 0.014. 
Evaluate the hydraulic radius and then So: 


2 


Re A a ns iy 
P 3m +1m +1m 
3 
Q = 6” = LAR? S2 = ragg (3m? (0.6m)?/3 55/2 ; Solve S, =0.00155 Ans.(a) 
Ss n $ 


(b) Add the barrier, work with one-half channel and double the result: 


2 
Ry = Tom” = 049m: Q, = [+ (1.5m? X(0.429m)?? V0.00155 ] 
3.5m 0.014 
3 3 


Q, =2(2.40%—) = 4.80% ; Ratio=" => = 0.80 or: 20% reduction in flow Ans.(b) 
S S à 


Interesting, this reduction is independent of slope and of n, as long as both have the same values: 





P10.16 A brickwork rectangular channel is 120 cm wide and laid on a slope of 2 m per km. 
(a) Find the normal flow rate when the water depth is 40 cm. (b) For the same slope, find the 
water depth which will double the normal flow rate in part (a). Comment. 


Chapter10 «© Open Channel Flow 229 


Solution: For brickwork, from Table 10.1, n = 0.015. (a) Use the Chézy 


formula: 


Onarrier _ 21(A/n)(1.5)(0.429)7/3 Sh?) 





0.80 (20% reduction) 





Qrrinie  <CinGOO.e 2? 
T arana 1 1.2(0.4) 2). aija m? 
= —AR?/3s/2 -___14.2(0.4 = 0.553-— Ansa 
£ D FS 0.018! ( ITa 304). 000. s (a) 


(b) Double the flow rate to 1.106 m?/s. This time the depth y is the unknown. 


1 1.2 y 2 1/2 
1.2 Z 1/2 5 Solve y =0.666m Ans.(b 
0015 7V2 sa ono. pape oe ee 








3: 
O, =20, =1.106"— = 
S 


Comment: The variation of Q with y is nonlinear. The depth is only increased by 
67%. 








10.17 The trapezoidal channel of Fig. P10.17 STO 
is made of brickwork and slopes at 1:500. Fig. P10.17 

Determine the flow rate if the normal depth 

is 80 cm. 


Solution: For brickwork, n = 0.015. Evaluate the hydraulic radius with y = 0.8 m: 
A =2y +y° cot =2(0.8)+ (0.8) cot30° = 2.71 m? 
P =2+2(0.8)csc30°=5.2 m, R, = A/P =2.71/5.2 = 0.521 m 


1.0 ie 1/2 


Q= AR? S” = 10 270.52) =5.23 m?/s Ans. 
n 0.015 5007 
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P10.18 A vee-shaped painted steel channel, similar to Fig. E10.6, has an included 
angle of 90 degrees. If the slope, in uniform flow, is 3 m per km, and the depth is 2 m, 
estimate (a) the flow rate, in m*/s; and (b) the average wall shear stress. 


Solution: For painted steel, from Table 10.1, 2 = 0.014. The properties of the 90° vee 
are easy: 


P = 2yV2 =2(2m)J2 = 5.66m ; A = y =(2m?} =4m ; R, -<- == 0.707 m 
3 
Then Q = 2 ar’ JS S, 2\(0.707m)7/> J3/1000 = 12.4 Ans.(a) 
S 


(b) We could find the average shear stress in two ways. One would be to find the friction 
factor f, from Eq. (10.15), assuming fully rough flow. From Table 10.1 for painted steel, 
€=2.4 mm. 


14. m j2 14.8(0.707m) 


0.0024 m 


ly ae “(098 SY 


)] 7? = 0.0189 





f = [2.0log( = [2.01og( 


12.4m? /s 
2 


Then T = Lo 


average 


)? = 22.6 Pa  Ans.(b) 





4m 


This is only approximate, because we are using an estimate of wall roughness to find the 
friction factor. A more accurate result is the third of Eqs. (10.14), which you are asked 
to prove, later, from a force balance, in Problem P10.28: 


T = pgR, S, = =o kg =)(9. 81500. 707 m)(0.003) = 21 Pa (better) Ans.(b) 


average 
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P10.19 Modify Prob. P10.18, the 90° vee-channel, to let the surface be clean 
earth, which erodes if the average velocity exceeds 6 ft/s. Find the maximum depth that 
avoids erosion. The slope is still 3 m per km. 


Solution: From Table 10.1, for clean earth, n = 0.022. The vee-channel has easy 
algebra: 
A_y _y 
P 2yJ2 22 
2 1 Y 273 
V=6=s=1, 829” = ——— V0.003 = 9 ----—-S---- 
s 0.022 2/2 om. 


h7 





Solve for y = 1.78 m. Keep the depth less than 1.78 m = 4.44 ft to avoid erosion. Ans. 








10.20 A circular corrugated-metal storm 
drain is flowing half-full over a slope of Fig. P10.20 
4 ft/mile. Estimate the normal discharge if 

the drain diameter is 8 ft. 


Solution: For corrugated metal, n = 
0.022. Evaluate the hydraulic radius, etc.: 


A =(T/2)R? =25.13 ft’; P=mR =12.56 ft, R, =A/P =R/2=2 ft 


3 
Q = 1486 ARS! = ees, 13)(2.0)°8/ —* Ins 74 Ans. 
n 0.0 5280] s 





10.21 An engineer makes careful measurements with a weir (see Sect. 10.7 later) which 
monitors a rectangular unfinished concrete channel laid on a slope of 1°. She finds, 
perhaps with surprise, that when the water depth doubles from 2 ft 2 inches to 4 ft 
4 inches, the normal flow rate more than doubles, from 200 to 500 ft?/s. (a) Is this 
plausible? (b) If so, estimate the channel width. 
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Solution: (a) Yes, Q always more than doubles for this situation where the depth 
doubles. Ans. (a) 


(b) For unfinished concrete, take n = 0.014. Apply the normal-flow formula (10.19) to 
this data: 





1.486 oza 1.486 bh \® = ft} 
= AR = bh 7 sinl° = 21 S 
Q 7 n So pid h) cai vsin 00(or 500) 7 


The two pieces of flow rate data give us two equations to solve for width b. It is un- 
usual, but true, that both round-number flow rates converge to the same width 
b = 5.72 ft. Ans. (b) 





10.22 A trapezoidal aqueduct has b = 5 m << 5m > 
and 0 = 40° and carries a normal flow of Fig. P10.22 
60 mĉ/s when y = 3.2 m. For clay tile 

surfaces, estimate the required elevation 

drop in m/km. 


Solution: For clay tile, take n = 0.014. The geometry leads to these values: 
A=by+y’cot@=28.2 m?; P=b+2ycsc@=14.96 m, R, =A/P=1.886 m 
1.0 


anaa 





Q=60 m°% = (28.2)(1.886) PSP, solve for S, =0.00038 = 0.38 m/km Ans. 


oO? 





10.23 It is desired to excavate a clean-earth channel as a trapezoidal cross-section 
with 0 = 60° (see Fig. 10.7). The expected flow rate is 500 ft?/s, and the slope is 8 ft per 
mile. The uniform flow depth is planned, for efficient performance, such that the flow 
cross-section is half a hexagon. What is the appropriate bottom width of the channel? 
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Solution: For clean earth, take n = 0.022. For a half-hexagon, from Fig. 10.7 of the 
text, depth y = sin(60°)b = 0.866b, and 


A=by+y*cot 60° = b(0.866b) + (0.866)? (0.577) =1.299b?; P =3b 


2 2/3 
Q=500 — 2 Si AR? SP = 1486 (1 299%?) 1.299%? \ 
0.022 3b 


= (8/5280)? =1.955b%° 
n J 


Solvefor b=8.0ft Ans. 





P10.24 A rectangular channel, laid out on a 0.5° slope, delivers a flow rate of 
5,000 gal/min in uniform flow when the depth is 1 ft and the width is 3 ft. (a) Estimate 
the value of Manning’s factor n. (b) What water depth will triple the flow rate? 


Solution: We have enough data to figure everything except n in Manning’s formula: 


A=()l)=3/2 ; P=3+1+1=5fi; n= 4-38 - 


3 
o = 50008 = 11.14 = 142 aeh Js, af \(0.6 ft)"/> Vtan 0.5? 


min s 
Solve for n = 0.0266 Ans.(a) 


0.6 fi 


(b) If we triple the flow rate, the unknown is the (higher) depth y: 


3 
; 3 
Q = 15,000 £ = 33.42 = 1486 3”) anos” 
min RY 0.266 34+2y 


Solve by iteration or EES: y = 2.28 ft Ans.(b) 








P10.25 The equilateral-triangle channel in Fig. P10.25 has constant slope S, and 
constant Manning factor n. If y = a/2, find an analytic expression for the flow rate Q. 


234 SolutionsManual ¢ Fluid Mechanics, Seventh Edition 


Solution: The geometry is a bit awkward, 
but you only have to do it once. 
The width of the water line is 
a - 2(a/2)cot60° = 0.423 a 
Thelengthof oneslantedwet sideis 
a/2/sin60° = 0.577 a 
Thus the perimeter, area, and hydraulic radius are 





P = a + 2(0.577a) = 2.1554 a 
A= (a/2)(at+0.423a)/2 = 0.356a° 
R, = A/P = (0. Ga 155a) = 0.165a 


= 14r?’ J5 = 1o. 356a° (0.1654)? JS, = D10 a®3 [So Ans. 


The formula is dimensionally incorrect, but that’s what you get with Manning’s formula. 





10.26 In the spirit of Fig. 10.6b, analyze a rectangular channel in uniform flow with 
constant area A = by, constant slope, but varying width b and depth y. Plot the resulting 
flow rate Q, normalized by its maximum value Qmax, in the range 0.2 < b/y < 4.0, and 
comment on whether it is crucial for discharge efficiency to have the channel flow at a 
depth exactly equal to half the channel width. 


Solution: The Manning formula for a rectangular channel is: 


o 


O=" ARs! where R,=—2— and A=by 


Q = Oriaz when b = 2y, or: R, = A/2b 


Then A cancels in the ratio Q/Qmax = [2b/(b + 2y)]” 3 
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Plot O/Qmax versus (b/y) making sure that area is constant, that is, b = A/y. The results are 
shown in the graph below. The curve is very flat near b = 2y, so depth is not crucial. 


10 
~ 09 
£ 08 

o 07 

© 06 

05 


00 05 10 15 20 25 30 35 40 
bly 






































P10.27 A circular corrugated metal water channel has a slope of 1:800 and a diameter 
of 6 ft. (a) Estimate the normal discharge, in gal/min, when the water depth is 4 ft. 
(b) For this condition, calculate the average wall shear stress. 


Solution: The geometry of this circular partly-full 
channel is given in Fig. 10.6a of the text. 

The angle @ (see Fig. 10.6a) is 109.5° = 1.911 radians. 
The area and hydraulic radius are given in the text: 


sin 20 2 _ sin(2x1.91 D) 
2 


A= R (0- a = (3 fA [1.911 = 20.0 fi? 





R sin20 3ft sin(2x1.911 
Ry a f [I ( ) 
2 20 2 2(1.911) 


(a) Then the flow rate, by Manning’s formula, with n = 0.022 for corrugated metal, is 


] = 1.747 ft 


7 
0 = TA (20. oa. m L2 za = 31,000 £} Ansa) 
0.022 800 min 


(b) The average wall shear stress is best calculated by the formula from Prob. P10.28: 


slu 
Taverage 7 = PgR, S= -x a. 94 fe £ 





(32.2 Fu. 747 D 5) = 0.136 z Ans.(b) 
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An alternate solution would use friction factor ffrom Eq. (10.15), for €= 0.12 ft, Table 
10.1: 








3 
fairies nase yo Pa OFS ag ag 
0.12 fi 4 20/0 7 
Then T average = F py? = 9.04? q 94 M83. 454)? = 0133 ŽE Ans®) 
8 8 fe s fè 





10.28 Show that, for any straight, prismatic channel in uniform flow, the average wall 
shear stress is given by 


Taye = pgR,S, 


Use this result in Prob. 10.27 also. 


Fig. P10.28 





Solution: For a control volume enclosing the fluid prism of length L as shown in the figure, 


L Faig flow 7 Wfluia SA 0- Taye wall > Or TaygPL = pgAL sin@ 


But sin@= So by definition, L cancels, leaving Tayg =p gRnsin@ Ans. 
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10.29 Suppose that the trapezoidal channel of Fig. P10.17 contains sand and silt that we 
wish not to erode. According to an empirical correlation by A. Shields in 1936, the 
average wall shear stress Terit required to erode sand particles of diameter dp is 
approximated by 


La — nnd 





2m 
Fig. P10.17 

where ps = 2400 kg/m? is the density of sand. If the slope of the channel in Fig. P10.17 is 

1:900 and n = 0.014, determine the maximum water depth to keep from eroding particles 

of 1-mm diameter. 


Solution: We relate the Shields critical shear stress to our result in Prob. 10.28 above: 


Terit = 0-5(2400 — 998)(9.81)(0.001 m) ~ 6.88 Pa = pgR,,S, =(9790)R,, ( TI 


Solve for Ry git = 0.632 m = a where A =by+y°cot30° and P=b+2ycsc30° 


By iteration (b = 2 m), we solve for water depth y < 1.02 m to avoid erosion. Ans. 





10.30 A clay tile V-shaped channel, with oY QL 
an included angle of 90°, is 1 km long and > 

is laid out on a 1:400 slope. When running eres 

at a depth of 2 m, the upstream end is 

suddenly closed while the lower end 

continues to drain. Assuming quasi-steady 

normal discharge, find the time for the 

channel depth to drop to 20 cm. 
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Solution: We assume quasi-steady uniform flow at any instant. For a control volume 
enclosing the entire channel of length L = 1 km, we obtain 


a (Mey) =—Mout, or, cancelling p, d LA) = -Qot =- 1 ARs! 


For a Vee-channel, A =y?cot45° and R, = X cos 45°, L=1000 m, S,= 


AAN 


Clean this up, separate the variables, and integrate: 
(I/n)(cos 45°/2)7? Sw? 


INN 


y t 
d 
[ Z = —const [ dt, or y,3-y??=-Ct, where C= 


or: C=0.00119 for our case. Set (2.0)? — (0.2)? = -0.00119t grain 


Solve for tdrain = 1927 sec = 32 min Ans. 





P10.31 An unfinished-concrete 6-ft-diameter sewer pipe flows half full. What is the 
appropriate slope to deliver 50,000 gal/min of water in uniform flow? 


Solution: For unfinished concrete, from Table 10.1, n = 0.022. For a half-full circle, 


425 R=" Gy =14.14 f?; P=2R=2(3ft) =9.43 ft; R= = 1.50 fi 





al P1486 9, 1.486 / 
Q = 50,0005— =a = ARZ? JS, “Go 14 f?)1.50 ft)? JS, 


Solve for “lone S, = 0.0032 Ans. 


oO 








P10.32 Does half a V-shaped channel perform as well as a full V-shaped channel? The 
answer to Prob. 10.18 is Q = 12.4 m?/s for y= 2m. (Do not reveal this to your friends still 
working on P10.18.) For the painted-steel half-V in Fig. P10.32, at the same slope of 
3:1000, find the flow area that gives the same Q and compare with P10.18. 
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Solution: For painted steel, from Table 10.1, n = 0.014. 
The properties of the half-V are easy: 


P= W2 + y = 2414y y 

A= 05y" Az 

R, = A/P = 0.207y TEN cen 
The unknown is the depth y: 


3 
m 1 1 
Q= 12.4— = — AR, VS, = Dora 0:52” 0.207 v9"? 10.003 


Solve for y3 =18.12, y = 2.96m, A=(0.5)(2.96m)? = 4.39m? Ans. 


The area in P10.18 was 4 m°. This half-V area is 10% larger, not as efficient. 





10.33 Five 2-m-diameter clay tile sewer pipes, each running normal and half-full on a 
slope of 0.25°, empty into a single asphalt pipe, also laid out at 0.25°. If the large pipe is 
also to run half-full and normal, what should be its diameter? 


Solution: First compute the small-pipe flow rate. For clay tile, n = 0.014. 


14 p2/3 1.2 1mM2/3_[G peg 
Oana = TAR? J = yat m)? (— =a) sin(0.25°) = 4.67 r 


For asphalt, ee n= 0.016. The large-pipe radius R is unknown: 





3 28 
Q = SQ gmat! = 5(4.67) ene (Z3 vsin0.25°, solve R=1.92m 
= s 0.01642 (2) 
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10.34 A brick rectangular channel, with a slope of 0.002, is designed to carry 230 ft?/s 
of water in uniform flow. There is an argument over whether the channel width should be 
4 ft or 8 ft. Which design needs fewer bricks? By what percentage? 





Solution: For brick, take n = 0.015. For both designs, A = by and P = b + 2y. Thus 


$ 23 
Q=230® -1486 oy (2x by ) (0.002)!2 


F 


(a) Ifb=4 ft, solve for y=9.31 ft or perimeter P = 22.62 ft Ans. (a) 
(b) Ifb=8 ft, solve y=4.07 ft or P=16.14ft Ans. (b) 


For a given channel-wall thickness, the number of bricks is proportional to the perimeter. 
Thus the 8-ft-wide channel has 16.14/22.62 = 71% as many, or 29% fewer bricks. 





10.35 In flood stage a natural channel bi 
often consists of a deep main channel plus Fig. P10.35 

two floodplains, as in Fig. P10.35. The 

floodplains are often shallow and rough. If 

the channel has the same slope everywhere, 

how would you analyze this situation for 

the discharge? Suppose that yı = 20 ft, y2 

= 5 ft, bı = 40 ft, b2 = 100 ft, nı = 0.020, 

n2 = 0.040, with a slope of 0.0002. Estimate the discharge in ft/s. 


Solution: We compute the flow rate in three pieces, with the dashed lines in the figure 
above serving as “water walls” which are not counted as part of the perimeter: 


2/3 





(a) Deep channel: Q, = /:486 (95x 40)(—25%40_} ° (0.0002)! = 5659 f1°/s 
(b) Flood plains: 2Q rete 00 ( 2X0 Yc 0002)" = 1487 £4 
Bay ¢ 0.0: 5+100+07 `` 


Total discharge Q=Q,+2Q, =7150ft?/s Ans. 
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10.36 The Blackstone River in northern Rhode Island normally flows at about 
25 m?/s and resembles Fig. P10.35 with a clean-earth center channel, bj = 20 m and yı = 
3 m. The bed slope is about 2 ft/mi. The sides are heavy brush with b2 = 150 m. During 
hurricane Carol in 1955, a record flow rate of 1000 m?/s was estimated. Use this 
information to estimate the maximum flood depth y2 during this event. 





20 m 
Fig. P10.36 


Solution: For heavy brush, n2 = 0.075 and for clean earth, nı = 0.022, as shown in the 
figure. Use the same “zero-perimeter water-wall” scheme as in Prob. 10.35: 
°) 


m 
ARISI = (1000 —, 





1 
Q=Q, +2Q) = aac ARS, +2 


n nnr 


2 A A 
, A1 =(3+y2)20, Ra = 7—4, A, =150y,, and Rp =—— 


where S, = ——_— 
x Batt * 1 1A 


non 


Solve by iteration for y,=3.6m. Ans. 


This heavy rainfall overflowed the flood plains and was the worst in Rhode Island 
history. A graph of flow rate versus flood-plain depth y2 is shown below. 


1200 
1000 
800 
600 
400 
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10.37 A triangular channel (see Fig. E10.6) is to be constructed of corrugated metal and 
will carry 8 m*/s on a slope of 0.005. The supply of sheet metal is limited, so the 
engineers want to minimize the channel surface. What is (a) the best included angle @ for 
the channel; (b) the normal depth for part (a); and (c) the wetted perimeter for part (b). 


Solution: For corrugated metal, take n = NAV 
0.022. From Ex. 10.5, for a vee-channel, Fig. P10.37 
recall that 


A= y° tan(0/2); P=2y sec(8/2); 


Manning’s formula (10.19) predicts that: 


Q = LARS! =8 4 ( ytan Al ? sin ey" 0.005 








(a) Eliminate y in terms of P and set dP/d@= 0. The algebra is not too bad, and the result is: 
Minimum perimeter P occurs for a given flow rate at @=90° Ans. (a) 
(b) Insert = 90° in the formula for Q = 8 m/s above and solve for: 


y=1.83m Ans.(b) and P,;,=5.16m. Ans. (c) 





P10.38 For the half-Vee channel in Fig. P10.32, let the interior angle of the Vee be 6. 
For a given value of area, slope, and n, find the value of @ for which the flow rate is a 
maximum. To avoid cumbersome algebra, simply plot Q versus @ for constant A. 


Solution: Write out Manning’s formula 
and solve for y in terms of A and @: 





A = (1/2)y° tan0 ; P= y(l+sec8) constant A 
1 sage 24 area A 
= — A(— VS, > Y= 
2 n ©? aed tano I 


Holding A, n, and S, constant, plot O versus 0. 


The writer simply took [(1/n)A(S.)'?] equal to unity. The resulting plot is as follows: 
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Maximum flow rate occurs at 8 equal to 60 degrees. The curve is very flat in that 
region. 





10.39 A trapezoidal channel has n = 0.022 and So = 0.0003 and is made in the shape of 
a half-hexagon for maximum efficiency. What should the length of the side of the 
hexagon be if the channel is to carry 225 ft3/s of water? What is the discharge of a 
semicircular channel of the same cross-sectional area and the same So and n? 


Solution: The half-hexagon corresponds to Fig. 10.7 with @= 60°. Its properties are 
2 
A=22_sin60°, R, =?sin60,, 
2 2 


a3 a anria N Gs \ 2/3 


or: b®? =259, b=8.03ft Ans. (for which A ~ 83.79 ft?) 


hexagon 


A semicircular channel of the same area has D = [8(83.79)/z] 12 ~ 14.6 ft. Its hydraulic 
radius and flow rate are 


R 


h,semicircle 


1.486 23 n2 
=D/4=3.65 ft, Q =- — (83.8)(3.65)”° (0.0003 
se ) 
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10.40 Using the geometry of Fig. 10.6a, prove that the most efficient circular open 
channel (maximum hydraulic radius for a given flow area) is a semicircle. 


Solution: Maximum hydraulic radius means minimum perimeter. Using Eq. 10.20, 
I 





Fig. 10.6(a) 


evnir 


A= R | 0- Żsin 264, P= 2R86, eliminate R: P= ==? 


Differentiate: Pi ee if @=90° Ans. 





10.41 Determine the most efficient value 
of 0 for the vee-shaped channel of Fig. P10.41 
Fig. P10.41. 


Solution: Given the (simple) geometric properties 
A= y’cot@; P=2ycsc@; Eliminate y: P=2csc@VA tan 0 
dP 


1 bismi A 


Set O if @=45° Ans. 
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P10.42 Itis desired to deliver 30,000 gal/min of water in a brickwork channel laid on a 
slope of 1:100. Which would require fewer bricks, in uniform flow: (a) a V-channel with 
6= 45°, as in Fig. P10.41, or (b) an efficient rectangular channel with b = 2y? 


Solution: For brickwork, from Table 10.1, n = 0.015. 
The answer may be surprising, but it is hard to 

think it through analytically, at least for this writer. 
So let’s just work through the numbers: 

For the vee-shaped channel, 





Vee-channel: A= y, P= W2y, R= 2 
h 2/2 
1.486 


3 
gal f : D 
= 30,000 = 66.84 = ) 
Q min s 0.015 o X 2/2 


Vee-channel perimeter P = 2V2 (2.653 fi) = 7.50 ft  Ans.(a) 





3 0.01 , solve for y =2.653 ft 


(b) For the efficient rectangular channel, 








Rectangular channel: A =b y 2y? ,P=b+2y=4y,R, =y/2 
1.486 


Q= 66.84 = r yey 0.01, solve y =1.876 ft, P=4y = 7.50ft Ans.(b) 


Same perimeter, same number of bricks! These two designs are equally successful. 





10.43 What are the most efficient dimensions for a riveted-steel rectangular channel to 
carry 4.8 m?/s of water at a slope of 1:900? 


Solution: For riveted steel, take n ~ 0.015. We know from Eq. (10.26) that 


Best rectangle: b=2y; A=2y?; Rn=y/2. So the flow rate is 





1/2 
Q=48=- z — (2y” (y/2)"? es , solve y=1.22m,b= 2.45m Ans. 
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10.44 What are the most efficient dimensions for a half-hexagon cast-iron channel to 
carry 15000 gal/min of water at a slope of 0.16°? 


Solution: For cast iron, take n =~ 0.013. We know from Fig. 10.7 for a half-hexagon that 








b? b 15000 ft? 1.4 
A= 3b ined R, ==sin60°, hence Q= 3 Es 136 AR?? Jsin0.16° 


Solve for side length b#=2.12ft Ans. 





10.45 = The calculus tells us that the most efficient wall angle for a V-shaped channel 

(Fig. P10.41) is @ = 45°. It yields the highest normal flow rate for a given area. But is this a sharp 
or a flat maximum? For a flow area of 1 m? and an unfinished-concrete channel of slope 0.004, plot 
the normal flow rate Q, in m*/s, versus angle for the range 30° < @ < 60° and comment. 


Solution: The area is A = y’cot(6), so, ifA = 1m’, 


ig. P10.45 
the depth is y = [1m?(tan 6)]‘. The wetted 6 
perimeteris P = 2y csc(@). Thehydraulicradiusis = -----^7----- 
Tre 
aS = SE ed oa aR, 
P 241m? tan n 
3 1.0 2\p_sin@ 42/3 1/2 
or: m/s) = ——(lm~ )} —— 0.004 
COP NN me cag eal, gl VA 


Plot flow rate versus @ in the requested range and the result is a flat, flat curve: 
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Yes, 45. is the best, but the flow rate only varies 5% over the entire range 30° < 


8 < 60°. 





10.46 Itis suggested that a channel which : 
reduces erosion has a parabolic shape, as Fig. P10.46 
in Fig. P10.46. Formulas for area and 

perimeter of the parabolic cross-section are 

as follows [Ref. 7 of Chap. 10]: 





A==bhy; P=<|Vi+0!+2Inlatvi+a?| |, where a= 


1 


For uniform flow conditions, determine the most efficient ratio ho/b for this channel 
(minimum perimeter for a given constant area). 


Solution: We are to minimize P for constant A, and this time, unlike Prob. 10.37, the 
algebra is too heavy, what with logarithms and square roots, to solve for P in terms of A 
and ho/b. The writer backed off and simply used a spreadsheet (or EES) to find the 
minimum P numerically. The answer is 


Minimum P (maximum Q for a given A) occurs at h,/b = 0.486 Ans. 


[NOTE: For a sine-wave shape, instead of a parabola, the answer is ho/b = 1/2.] 





10.47 The calculus tells us that the most efficient water depth for a rectangular channel 
(such as Fig. E10.1) is y/b = 1/2. It yields the highest normal flow rate for a given area. But is this 
a sharp or a flat maximum? For a flow area of 1 m’ and a clay tile channel with a slope of 0.006, 


plot the normal flow rate Q, in m?/s, versus y/b for the range 0.3 < y/b < 0.7 and comment. 


Solution: The area = 1 m? = (y)(b), so y/b = A/b’. 
For clay tile, from Table 10.1, = 0.014. The flow rate is 
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2 
Q = 1 ARZ SY? = (im?) 1 17/3 (0.006)!? where b = ka 
n 


0.014 bA *+2y/b) y/b 


3 
l amai V006 = 2.717 
0.014 1.825 +2(0.548) s 











Example: 50.3 : b =1.825m , Q = 


Plot flow rate versus y/b in the requested range and the result is a flat, flat curve: 
























































E m 
2.5 
Q, 
3,. 2 
m°/s Max = 2.77 
1.5 
1 
A=1m? 
0.5 
0 
0.3 0.4 0.5 0.6 0.7 
y/b 











Yes, y/b = 0.5 is the best, but the flow rate only varies 2% over the entire 


range 0.3<y/b <0.7. 





10.48 A wide, clean-earth river has a flow rate g = 150 £t3/(s-ft). What is the critical 
depth? If the actual depth is 12 ft, what is the Froude number of the river? Compute the 
critical slope by (a) Manning’s formula and (b) the Moody chart. 


Solution: For clean earth, take n = 0.030 and roughness € = 0.8 ft. The critical depth is 


y, =(q’/g)”? =[(150)°/32.2]* = 8.87 ft Ans. 


q/y _ 150/12 = 25 .0.739 Ans. 











v 
If Yooua =12 ft, Fr=—= 


a ha aro om 14 


The critical slope is easy to compute by Manning and somewhat harder by the Moody 
chart: 
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au 


(a) Manning: S,==—,= 


Iaea 
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= 0.00634 Manning Ans. (a) 





e13 na ANnaro on 1/3 
1 0.8 | 
(b) Moody: —~=-2 log (emt 
Jf '\.3.7(4)(8.87) 7 
f 
or f=0.0509, S,= ae 0.00637 Moody Ans. (b) 
10.49 Find the critical depth of the brick Rd 
channel in Prob. 10.34 for both the 4- and Fig. P10.49 


8-ft widths. Are the normal flows sub- or 
supercritical? 


Solution: For brick, take n ~ 0.015. Recall 
and extend our results from Prob. 10.34: 





@ b=4ft y.=|S-2 =| | 
(30 T° 
(b) b=8 ft: Y.= [230° _] = 2.95 ft 


=4.68 ft [y, =9.31 ft is subcritical] 


Ly, =4.07 ft is subcritical] Ans. (a, b) 





10.50 A pencil point piercing the surface 
of a rectangular channel flow creates a 25° 
half-angle wedgelike wave, as in Fig. 
P10.50. If the channel surface is painted 
steel and the depth is 35 cm, determine 
(a) the Froude no.; (b) the critical depth; 
and (c) the critical slope. 


Solution: 





Fig. P10.50 


For painted steel, take n = 0.014. The wave angle and depth give 


Fr = csc (25°) = 2.37 Ans. (a) ~. V = Fr V, = 2.374/9.81(0.35) = 4.38 x 


ft? 


Flow rate q = Vy = 4.38(0.35)= 1.53 —, 
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T 


1/3 
e) 
gn? _9.81(0.014? _ 
éy? (1.0)(0.62)"° 


(9 


2 13 
js = 062 m Ans. (b) 


Ans.(c) 





Finally, S, = 





10.51 An asphalt circular channel, of diameter 75 cm, is flowing half-full at an average 
velocity of 3.4 m/s. Estimate (a) the volume flow rate; (b) the Froude number; and (c) the 
critical slope. 


Solution: For an asphalt channel, take n = 0.016. For a half-full channel, A = zR?N, 


P = 7R, Rp = R/2, and bo = 2R. The volume flow is easy, and Froude number and critical 
slope are not hard either: 


Q=VA= (3.4 m \fz(0.375 m)?/2]=0.75 m?/s Ans. (a) 


2 2 : 
os 8A, = jos! m/s EO SS m)°/2] _ 1.70 i, Fr- a mi -2.00 Ans. (b) 





V, 


n?V? _ (0.016) (1.7 m/s} 








S. = anak = adn ana an = 9.0069 Ans. (c) 
10.52. Water flows full in an asphalt half- FSW 
hexagon channel of bottom width W. The Fig. P10.52 


flow rate is 12 m?/s. Estimate W if the 
Froude number is exactly 0.6. 


Solution: For asphalt, n = 0.016, but we don’t need n because critical flow is 
independent of roughness. Work out the properties of a half-hexagon: 


y=Wsin60°, A=Wy+y’ cot60°=1.299W*, b,=W+2Wcos60° =2W 
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2 
v= |84 = eee =2.524W"?, V = FrV, =0.6V, =1.515W!” 
b, 2W 
3 


Q=12 © = AV =(1.299W?)(1.515W"2)=1.967W°5, solve W=2.06m Ans. 





10.53 For the river flow of Prob. 10.48, find the depth y2 which has the same specific 
energy as the given depth y; = 12 ft. These are called conjugate depths. What is Fr2? 


Solution: Recall from Prob. 10.48 that the flow rate is g = 150 ft3/(s-ft). Hence 


v 


9 2 
14.43 ft=y, +72 = y, + 02) 


nrnna 





2 a 
Bay + VE 124 MD 


nrnna 


This is a cubic equation which has only one realistic solution: y2=6.74ft Ans. 








150 ft V. 22.2 
Vy = 25, = 22.2 —, Fy= = = “L51 Ans. (compared to Fr, = 0.64) 
10.54 A clay tile V-shaped channel has re Pee sss OS'85 m/s 
an included angle of 70° and carries 8.5 Fig. P10.54 


m/s. Compute (a) the critical depth, (b) the 
critical velocity, and (c) the critical slope 
for uniform flow. 


Solution: For clay tile, take n ~ 0.014. The cross-section properties are 


P =2ycsc55°%; A =y° cot 55°; R, = X c0s559; b, = 2y cot 55° 


_ ( b,Q” Yo | 2y. (cot 5598.5 


e nna 


13 
A ] =y?cot55°, solve for y, =1.975m_ Ans. (a) 





1/2 
Compute A, =2.731m’, b „=2.766m, V, z| IRC] =3.11 Ans. (b) 


n’gA, _ (0.014) (9.81)(2.731) 


-21 n4 arra marrin erd 





Compute R, =0.566m, S,= = 0.00405 Ans. (c) 
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10.55 A trapezoidal channel resembles b=I1m 
Fig. 10.7 with b = 1 m and 0 = 50°. The Fig. P10.55 
water depth is 2 m and Q = 32 m/s. If you 

stick your fingernail in the surface, as in 

Fig. P10.50, what half-angle wave might 

appear? 


Solution: The cross-section properties are 


A =by+y°cot50° =5.36 m°, hence V=Q/A= ieee = 5.97 m/s 


[2816.30 7" 


b, =b+2ycot50°= 4.36 m, hence V, =(gA/b,)!” = =3.47 m/s 


Thus Fr= V/V, = aus 1.72=csc 0, or: 


a am 


= 35.5° Ans. 


Oare 


The flow is definitely supercritical, and a ‘fingernail wave’ will indeed appear. 





P10.56 A 4-ft-diameter finished-concrete sewer pipe is half full of water. (a) In 
the spirit of Fig. 10.4a, estimate the speed of propagation of a small-amplitude wave 
propagating along the channel. (b) If the water is flowing at 14,000 gal/min, calculate the 
Froude number. 


Solution: For finished concrete, n = 0.012, but we don’t need this number! (a) From the critical- 
flow analysis, Eq. (10.37b), the critical velocity is the desired speed of wave propagation: 


ee [e4 _ |G22f/s@/DOM") _ 44, Ft Tet 
b, 4 fi s 





(b) Convert 14,000 gal/min -+ 448.83 = 31.2 ft/s. Then the velocity and Froude number are 


_Q@_ 312fP /s felt ope 2V Ae 


5 . 0.70 Subcritical Ans.(b) 
A (AIX fÐ) s A 
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10.57 Consider the vee-shaped channel of arbitrary angle in Fig. P10.41. If the depth is y, (a) 
find an analytic expression for the propagation speed co of a small-disturbance wave along this 
channel. [HINT: Eliminate flow rate from the analyses in Sec. 10.4.] If @= 45° and the depth is 


1 m, determine (b) the propagation speed; and (c) the flow rate if the channel is running at a 


Froude number of 1/3. 


` yo 
Solution: The algebra is given in Ex.10.6: 8 Q J 


as Fig. P10.57 
A = y? cot@ ; b, =2ycot@ 


o 


„A? s 
Eq.(10.37a): g4? = bQ? ; Solve Q = (5? = (E2 
bo 2tan~ @ 


1/2, 5/2 1/2 
Then V, Co Q E y ie one) x & Ans.(a) 
A y~ cota 2 











This answer may or may not surprise you. The propagation speed c, is 


independent of 0. 


(b) If y= 1m, never mind @ or velocity, co = [9.81m/s?)(1m)/2]'? = 2.21 m/s 
Ans.(b) 


If Fr = 1/3, then V = (1/3) c. = 0.738 m/s. The flow rate for this condition is 


O = VA = (0.738m/s)[Am)? cot(45°)] = 0.738 m3/s Ans.(c) 





P10.58 To follow up the half-full circular channel of Prob. P10.56, calculate (a) 
the critical slope; and (b) the actual slope, if the uniform flow rate is 14,000 gal/min. 


Solution: For finished concrete, n = 0.012. (a) The critical slope follows from Eq. 
(10.38): 
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R=2 ft; A= TR =6.28 fi ; PaaR= 6.28 ft; Ry = 5 = 1Oft; b,= 4 ft 


n?gA _ (0.012? (32.2 fi/s?)(6.28 ft’) 


= 0.0033 Ans.(a) 
a? b, RIO (1.486)? (4 AMA .0 M 





(b) The actual slope, at 14,000 gal/min, is found from the Manning equation: 


3 
O = 14,000 gpm = 3124 - = ARES, = GESE IS 


Solve for S, = 0.0016 Ans.(b) 


o 





10.59 Uniform water flow in a wide brick 

channel of slope 0.02° moves over a 10-cm Fig. P10.59 
bump as in Fig. P10.59. A slight depres- 

sion in the water surface results. If the 

minimum depth over the bump is 50 cm, 

compute (a) the velocity over the bump; 

and (b) the flow rate per meter of width. 


Solution: For brickwork, take n = 0.015. Since the water level decreases over the 
bump, the upstream flow is subcritical. For a wide channel, Rp = y/2, and Eq. 10.39 holds: 


q? v2 
y3-E,y;+—-=0, q=Viy, E,=—+y,-Ah, Ah=0.1m, y,=05m 


Meanwhile, for uniform flow, q= sais’ (y,/2)°8 Vsin0.02° = 0.785y>" 


Solve these two simultaneously for y1 = 0.608 m, V1 = 0.563 m/s Ans. (a), and 
q = 0.342 m?/s‘m. Ans. (b) [The upstream flow is subcritical, Frı = 0.23.] 





P10.60 Water, flowing in a rectangular channel 2 m wide, encounters a bottom 
bump 10 cm high. The approach depth is 60 cm, and the flow rate 4.8 m?/s. Determine 
(a) the water depth, (b) velocity, and (c) Froude number above the bump. [HINT: The 
change in water depth is rather slight, only about 8 cm.] 
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Solution: First compute the approach velocity and Froude number: 


o 4.8 mop = 


4.0 
= = 40 = = = 
by (2.0)(0.6) s JD /9.81(0.6) 
The approach is supercritical. Hence we expect the water depth to rise as it passes over 
the bump. We are to solve the cubic equation, Eq. (10.39): 


V= 





V2 2 V2 7 2 
iG oe ae eee 
2g 2(9.81) 





¥3- Ey y+ 0.10 = 1.315; 
Veyi _ (4°06) 


= 0.294 ; Solve y3-1.315y5+0.294 =0 
2g -2(9.81) Á a 





The supercritical solution is 
yı = 0.679m ; Vy = O/(b,y2) = 3.53m/s ; Fn = Va/4jgy2 = 1.37 Ans.(a,b,c) 


The bump caused supercritical approach flow to rise about 8 cm, like the bottom leg of Fig. 
E10.7. 





10.61 Modify Prob. 10.59 as follows: Again assuming uniform subcritical approach 
flow Vi, find (a) the flow rate qg; and (b) the height y2 for which the Froude number Fr2 at 
the crest of the bump is exactly 1.0 (critical). Recall that S, = 0.02° and Ah = 10 cm. 


Solution: The basic analysis above, for uniform upstream flow plus a bump, still 
holds: 


q vi 
y3-E,y;+—-=0, q=Vıy, E, =—++y;-Ah, Ah=0.1m 


Meanwhile, for uniform flow, q= L y y2 Ns 0.02° = 0.785y;" 


nna 


This time, however, y2 is unknown, and we need Fr, = V N (gy2) =1.0. [At the crest in 
Prob. 10.60, Fr2 = 0.8.] The iteration proceeds laboriously to the result: 


Fr, =1.0 if y; =0.1916 m; V, =0.261 w, 
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m 


y, = 0.0635 m Ans. (a); q = 0.0500 





Ans. (b) 


[Finding the critical point is more difficult than finding a purely subcritical solution.] 





10.62 Consider the flow in a wide channel over a bump, as in Fig. P10.62. One can 
estimate the water-depth change or transition with frictionless flow. Use continuity and 
the Bernoulli equation to show that 


dy dhldx 


de TAAA 


Is the drawdown of the water surface realistic in Fig. P10.62? Explain under what condi- 
tions the surface might rise above its upstream position yo. 


Bas 
l 


Fig. P10.62 





Solution: This is a form of frictionless “gradually-varied” flow theory (Sect. 10.6). Use 
the frictionless energy equation from upstream to any point along the bump section: 





2 2 
Pam 4 Vo yy. = Pam 4 Vahey, differentiate: 0 = Ydy ay ean 
Continuity: Vy = const, N =- x 
Solve for: S Soa Da Ans. 


Assuming dh/dx > 0 in front (a ‘bump’), dy/dx will be positive (a rise in water level) if 
the flow is supercritical (i.e., Fr > 1 or V? > gy). 
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10.63 In Fig. P10.62, let Vo = 1 m/s and yo = 1 m. If the maximum bump height is 15 cm, 
estimate (a) the Froude number over the top of the bump; and (b) the maximum 
depression in the water surface. 


Solution: Here we don’t need to differentiate, just apply Eq. 10.39 directly: 


viyi 


2 2 
=0, where E, => +y; -h,a =- +1-0.15=0.901 m 


max arn 


y2- E,y2 + 


Insert V,y,=1.0 toget y3—0.90ly3+0.051=0, solve for y, = 0.826 m 
Thus the center depression is Az = 1 — 0.15 — 0.826 = 0.024 m. Ans. (b) 


Also, V2 = 1.21 m/s. The bump Froude number is Fr2 = 1.21/[9.81(0.826)] 7 = 0.425 Ans. (a). 





P10.64 For the rectangular channel in Prob. P10.60, the Froude number over the 
bump is about 1.37, which is 17% less than the approach value. For the same entrance 
conditions, find the bump height Ah that causes the bump Froude number to be 1.00. 


Solution: Recall that b, = 2 m, Q = 4.8 m*/s, and y; = 60 cm. The bump height is the 
essential unknown in Eq. (10.39): 




















2 «82, 2 2 
V ; 
-E y+ OII 0, m= yti -Ahk 06+ £O -Ah =1415-Ah; 
2g 2g 2(9.81) 
V2 2 2 f 2 
11 _ O OO 0294 ; Solve y3 —(1.415—Ah) y3 + 0.294 =0 
2g 2(9.81) 


The object is to solve this cubic equation, varying AA, until the velocity V2 = Q/(bay2) is 
such that Fr, = 1, that is, V2/(gy2)'” = 1.0. The problem statement is helpful, showing that 
a bump height A/ = 10 cm results in Fr: = 1.37, so we need maybe 5 to 10 more 
centimeters of bump. 
EES is excellent for this, of course, but the writer also was able to use an Excel 
spreadsheet that varied Af until Fr. =1. The final result is: 

Fno=1 , w= 0.837m , V2. = 2.87 m/s , Ah =15.94cm Ans. 
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10.65 Program and solve the differential equation of “frictionless flow over a bump,” 
from Prob. 10.62, for entrance conditions Vo = 1 m/s and yo = 1 m. Let the bump have the 
convenient shape h = 0.5hmax[1 — cos(27x/L)], which simulates Fig. P10.62. Let L = 3 m, 
and generate a numerical solution for y(x) in the bump region 0 < x < L. If you have time 
for only one case, use Mmax = 15 cm (Prob. 10.63), for which the maximum Froude 
number is 0.425. If more time is available, it is instructive to examine a complete family 
of surface profiles for hmax = 1 cm up to 35 cm (which is the solution of Prob. 10.64). 


Solution: We solve the differential equation dy/dx = —(dh/dx)/[1 — V?Key)], with 
h=0.5hmax[1 — cos(27x/L)], plus continuity, Vy = 1 m2/s, subject to initial conditions V = 1.0 


and y = 1.0 at x = 0. The plotted water profiles for various bump heights are as follows: 


Critical flow: 





0 1 x, meters 2 


The Froude numbers at the point of maximum bump height are as follows: 


hmax, cm: 0 5 10 15 20 25 30 35 
Frpump: 0.319 0.348 0.383 0.425 0.479 0.550 0.659 1.000 





10.66 In Fig. P10.62 let Vo = 6 m/s and yo = 1 m. If the maximum bump height is 35 cm, 
estimate (a) the Froude number over the top of the bump; and (b) the maximum increase 
in the water-surface level. 
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Solution: This is a straightforward application of Eq. 10.39 for supercritical approach: 


Vv, 6 Vi 6? 











Fry = = = =E l.92>1. E, aS t yı Ah = ———— +1—0.35=2.48 m 
Deco 
y3 —E,y2 +2101 = y32.48y241.835=0; solve y,~119m Ans. (b) 





Then V,=6(1)/1.19=5.03 m/s and Fr = V, (gy2) =1.47 Ans. (a) 





P10.67 Modify Prob. P10.63 so that the 15-cm change in bottom level is a depression, not 
a bump. Estimate (a) the Froude number above the depression; and (b) the maximum 
change in water depth. 


Solution: The upstream Froude number is V\/(gy,)!? = 0.319, subcritical. Use Eq. (10.39): 
ve 


2 
0, £y =y+ Ah = 1.04 (1.0) 
2g 2(9.81) 








y3 — Ez y2 + (0.15m) = 1.201m 


Ded, 
Vivi 
2 
Dd, 

Vivi _ (1.0) (1.0)° 


= 0.051, Solve 73 — (1.201) ys +0.0501 = 0 
De 2.81) y2 — (1.201) y3 





Solution: y, = 1.163 m ; V,= 0.86 Z ; Fm = 0.255 Ans.(a) ; yy —y, = 0.163m Ans.(b) 
s 


The bottom depression causes the water level to rise higher than the upstream flow. 





10.68 Modify Prob. 10.65 to have a supercritical approach condition Vo = 6 m/s and yo = 
1 m. If you have time for only one case, use hmax = 35 cm (Prob. 10.66), for which the 
maximum Froude number is 1.47. If more time is available, it is instructive to examine a 
complete family of surface profiles for 1 cm < max < 52 cm (which is the solution to 
Prob. 10.67). 
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Solution: This is quite similar to the subcritical display in Prob. 10.65. The new family 
of supercritical-flow profiles is shown below: 


1.6 


y, meters 


1.5 Critical flow: 





0 1 x, meters 2 


The Froude numbers at the point of maximum bump height are as follows: 


hmax, cm: 0 10 20 30 35 40 50 52.1 
Frpump: 1.92 1.80 168 1.55 147 1.39 1.15 1.000 





10.69 Given is the flow of a channel of Soe T 
large width b under a sluice gate, as in Fig. Fig. P10.69 
P10.69. Assuming frictionless steady flow 

with negligible upstream kinetic energy, 

derive a formula for the dimensionless 

flow ratio Q?y;b’g) as a function of the 

ratio y2/y1. Show by differentiation that the 

maximum flow rate occurs at y2 = 2y4/3. 


Solution: With upstream kinetic energy neglected, the energy equation becomes 


2 2 
yi =y, +y =y, + Qoy), rearrange and multiply by [y27y3] : 


@ _ 5 F 
-a a YAY) 2Y) Ans. 


Differentiate this with respect to (y2/y1) to find maximum Qat yz/y1 =2/3 Ans. 
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10.70 The spectacular water release in the chapter-opener photo flows through a giant sluice 
gate. Assume the gate is 23 m wide with an opening 8 m high, with the water depth far upstream 


assumed equal to 32 m. Assuming free discharge, estimate the volume flow rate through the gate. 


Solution: Let us proceed, although the writer has no firm idea if the sluice gate 

formula, 

Eq. (10.41), is accurate for such large dimensions. Apply the formula anyway: 
0.61 Si 0.61 ) = 0.57 


= CyHb./2 » Ca= 
Q aHb./2gy, d (Toei /1+0.61(8m)/32m 
3 
or: Q = (0.57)(8m)(23m)Y29.81m/s?\G2m) =~ 2600™— Ans. 
sS 





This is the flow rate reported by the Internet site. The “data” were made 
up by the writer. 





10.71 In Fig. P10.69 let yı = 95 cm and y2 = 50 cm. Estimate the flow rate per unit 
width if the upstream kinetic energy is (a) neglected; and (b) included. 


Solution: The result of Prob. 10.69 gives an excellent answer to part (a): 


ve a a a 





m 
Solve for q= 1.49 — Ans. (a) 
sxm 


2 
(b) Exact: viieni 
2g J 


Viyi 
2g 





=0, 


Fy 2 = 
vee 28y -Y2) E 2(9.8 D(0.5) (0.95- 0.5) 3.383, 





or: 
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10.72 Water approaches the wide sluice SS 
gate in the figure, at Vj = 0.2 m/s and Fig. P10.72 

yı = 1 m. Accounting for upstream kinetic 

energy, estimate, at outlet section 2, 

(a) depth; (b) velocity; and (c) Froude 

number. 


Solution: (a) If we assume frictionless 


flow, the gap size is immaterial, and Eq. 
(10.40) applies: 


MMA 2.2.14. 9 aa heie i ae i aaraa DOAN aa iias aa a 








(b) From continuity, Vj = “2 = C002) 433 ™ Ans. (b) 
(c) The Froude numberis Fr, = Pde Ta 6.43 Ans. (c) 
Jer, J9.81(0.0462) i 
P10.73 In Fig. P10.69, let yı = 6 ft and the gate width b = 8 ft. Find (a) the gate 


opening H that would allow a free-discharge flow of 30,000 gal/min; and (b) the depth y2. 
Solution: (a) The gate-opening problem is handled by Eq. (10.41): 


0.61 


Vi+ 0.6117 y, 


Everything is known except H, and we know Cz = 0.6, so very little iteration is necessary: 


QO=C,HbJ2gy, , where Cy = 


3 
= 30,000 8! = 66.84 A = vie H (8 {232.26 
Q (000 3 roel Te (8 ft) 2(32.2)(6 ft) 


Solve for H = 0.72 ft Ans.(a) 
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(b) The cubic polynomial, Eq. (10.40), enables us to solve for downstream water depth. 
First solve for Vi = Q/b/y, = (66.84)/[8(6)] = 1.393 ft/s. Then 


y3 — (4 +V" /2g) yz + Ve yp /2g = 0, or y3 — (6.03) y3 + 1.084= 0 


Solve for the supercritical result: y, = 0.44 ft (Fm =5.03) Ans.(b) 





10.74 With respect to Fig. P10.69, show that, for frictionless flow, the upstream 
velocity may be related to the water levels by 


2g(y, — 
V=, 281 = Ya) where K = y1/y2. 


Solution: We have already shown this beautifully in Prob. 10.71b: 
Eq. 10.40: y3 -| y, + V}/2g] y} +(V,y1)/2g =0; 


Darla eS 





10.75 A tank of water 1 m deep, 3 m long, siesta 
and 4 m wide into the paper has a closed 
sluice gate on the right side, as in Fig. 
P10.75. At t= 0 the gate is opened to a gap of 
10 cm. Assuming quasi-steady sluice-gate 
theory, estimate the time required for the 


water level to drop to 50 cm. Assume free Ee = 


outflow. 


Gate raised to 
a gap of 10 cm 








Fig. P10.75 


Solution: Use a control volume surrounding the tank with Eq. 10.41 for the gate flow: 


4 tank water) = Nei =—-Qour =-CyHb./2gy,, Cy =0.61/,/1+0.61H/y, 
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Because yı drops from 1.0 to 0.5 m, Cq also drops slowly from 0.592 to 0.576. Assume 
approximately constant Cq ~ 0.584, separate the variables and integrate: 


y t 
(2 Bo pel at, or: y,= [y!@-Kt)", y o=lm and x - Catty28 


‘oe 0.584(0.1)/2(9.8D _ jii 


Set y,=0.5m, solve for t=6.8s Ans. 





10.76 Figure P10.76 shows a horizontal flow of water through a sluice gate, a hydraulic 
jump, and over a 6-ft sharp-crested weir. Channel, gate, jump, and weir are all 8 ft wide 
unfinished concrete. Determine (a) the flow rate in cubic feet per second, and (b) the 


normal depth. 


6) (4) 
12 ft ——— ee 
a (2) eee 6 ft 
3 ft NS jump) a 





Fig. P10.76 


Solution: This problem is concerned only with the sluice gate. (Other questions will be asked 


later.) (a) The flow rate follows from the sluice gate correlation, Eq. (10.41): 





0.61 0.61 
O = C,HbJ2gy, , Cy = ( ) =( ) = 0.568 
J1+0.61H, /y, J1+0.61( ft)/12 ft 


ft? 


or: Q = (0.568)(3 fé\(8 fi) 2(32.2 ft/s” (12 fa) 379 fF Ansa) 


(b) Find the normal depth. This is a trick question! Ordinarily, if you know the flow rate, you 


can find the normal depth. But this channel is horizontal! It has no normal depth. Ans.(b) 
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P10.77 Equation (10.41) for sluice gate discharge is for free outflow. If the outflow is 
drowned, as in Fig. 10.10c, there is dissipation, and C, drops sharply, as shown in Fig. 
P10.77, taken from Ref. 2. Use this data to restudy Prob. 10.73, with H = 9 inches. Plot 
the estimated flow rate, in gal/min, versus y2 in the range 0.5 ft < y2 < 5 ft. 


0.6 .2 
0.5 
0.4 
C40.3 
0.2 


0.1 





Fig. P10.77[from Ref. 2 of Chap. 10] 


Solution: We pick all our discharge coefficients from the single vertical line y,/H = 6 
ft/0.75 ft = 8 in Fig. P10.77. We see that the flow is not drowned until y./H > 3.8, or y2 > 
2.85 ft. Below that tailwater depth, C, = 0.58. We can then move down the vertical line in 
Fig. P10.77, getting lower and lower values of Cz as y2 rises. The formula is 


Q = C, Hb 2gy, = C, (0.75 fi\(8.0 ft) 282.2 fil 6f = 117.9C, (fe /s) 


The resulting plot is shown here: 
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P10.78 In Fig. P10.73, free discharge, a gate opening of 0.72 ft will allow a flow rate of 
30,000 gal/min. Recall y, = 6 ft and the gate width b = 8 ft. Suppose that the gate is 
drowned (Fig. P10.77), with y2 = 4 ft. What gate opening would then be required? 


Solution: We need to find Cz, which varies considerably in Fig.P10.77, such that 


3 
Q = 30,0003 = 66.84 Ê 


L =C] Hb [2g y; =C, HB ft) 262.2 ft/s” (6 ft) =157.3C, H 
min s 

We need to find the point in Fig. P10.77 where C4H = 66.84/157.3 = 0.425. We already 

know that H = 0.72 ft is not drowned. So guess a little higher: H = 1 ft. Then yı/H = 6, 

and y/H = 4. From the figure, read C4 = 0.41. Calculate this condition: 


3 
Q = 157.3C4 H = (157.3 ft/s) (0.41)(1.0 ft) = 64.5 F (only 3.5% low) 
S 


3 
A slight upward adjustment matches 66.84 =30, 000 £2} : H = 1.01ft Ans. 


S mın 
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10.79 Show that the Froude number downstream of a hydraulic jump will be given by 
Fr, = gi? Fr/[d+ 8Fr7)” —1)”. Does the formula remain correct if we reverse 
subscripts 1 and 2? Why? 


Solution: Take the ratio of Froude numbers, use continuity, and eliminate y2/y1: 


v8¥2 _ Mi |32 Vi D A 


Y2 AoE -( 
ork = == from continuity, so —-=] —4 


1 
From Eq. 10.43, %2 = lv +8Fr? — i}, 
y 


1 


Fr, 


V, 
= = but 


Fr. J8 


The formula is indeed symmetric, you can reverse “1” and “2.” Ans. 





10.80 Water, flowing in a channel at 30-cm depth, undergoes a hydraulic jump of 
dissipation 71%. Estimate (a) the downstream depth; and (b) the volume flow. 


Solution: We use the jump and dissipation relations, Eqs. (10.43) and (10.45): 


2 


2 3 
D Si i+8Fr, FRYL, h, =% E yı =0.3 m 


Solve by EES: Vı = 16.1 m/s; Frı =9.38;, y2=3.83m Ans. (a); 
q = 4.83 mĉ/s:m Ans. (b) 





10.81 Water flows in a wide channel at q = 25 ft?/s-ft and y; = 1 ft and undergoes a 
hydraulic jump. Compute y2, V2, Fr2, hf, the percentage dissipation, and the horsepower 
dissipated per unit width. What is the critical depth? 
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Solution: This is a series of straightforward calculations: 











2 
Yo 1 JiF8041} -1 |=5.75, or y, =5.75ft Ans. (a) 


ft. 4.35 


5 Py = See = 032 Ans. (b, c) 


V, =q/y, = 25/5.75 = 4.35 me 
hy =(5.75— 1)°4(5.75)(1)] = 4.66 ft, % dissipated = 4.66/10.7 = 44% Ans. (d) 
Power dissipated = pgqh; = (62.4)(25)(4.66) +550 = 13.2 hp/ft Ans. (e) 


Critical depth y, =(q’/g)'? =[(25)’/32.2]"" = 2.69 ft Ans. (f) 





10.82 Downstream of a wide hydraulic jump the flow is 4 ft deep and has a Froude 
number of 0.5. Estimate (a) y1; (b) Vi; (c) Fri; (d) the percent dissipation; and (e) ye. 


Solution: As shown in Prob. 10.79, the hydraulic jump formulas are reversible. Thus, 


with Fr; known, 
Fns  __ 058 


“r oP eee Ars 0) 


Fr 





gots af = ~1+4/1+8(0.5)? =0.732, y,=1.46 ft Ans. (a) 
V, = Fraley, =2.26,/(32.2 ft/s”)(1.46 ft) = 15.5 ft/s Ans. (b) 


The percent dissipation follows from Eq. (10.45): 








3 3 2 2 
— 4.0 ft—1.46 ft V 15. 
py = Se GORIAD 0.006 f; R= y ty =146 + 27" -5.20 ft 
h; 0.696 ft 
Percent dissipation = of 3 Leni =0.13 or 13% Ans. (d) 


Chapter10 © Open Channel Flow 269 


Finally, the critical depth for a wide channel is given by Eq. (10.30): 


2T? 


2 ve 1/3 
q =V, yı = (15.5 ft/s)(1.46 ft) = 22.7 m?/s; y, = (ÈN i} : ] =2.52ft Ans. (e) 








10.83 A wide channel flow undergoes a hydraulic jump from 40 cm to 140 cm. 
Estimate (a) V1; (b) V2; (c) the critical depth; and (d) the percent dissipation. 


Solution: With the jump-height-ratio known, use Eq. 10.43: 


2y: 2040) 7 fit8FA -1, solve for Fr = 2.81 


AN 


V, = Fr gy, =281 9810.4) =5.56 ™ Ans.@); Vy =V =1.59 ™ Ans. (b) 
s y s 


2 


w 2 w Q 22} 1/3 
q =V,y,=5.56(0.4)=2.22 ©, yay fa i a nore ] ~0.80m Ans. (c) 








2 2 
Heyr agde =1.98 m; hş 


arn noa 


ALN ANAA AN 


=0.45 m 





% dissipation = h,/E, = 0.45/1.98 = 23% Ans. (d) 





10.84 Consider the flow under the sluice ers 
gate of Fig. P10.84. If yı = 10 ft and all Fig. P10.84 
losses are neglected except the dissipation 

in the jump, calculate y2 and y3 and 

the percentage of dissipation, and sketch the 

flow to scale with the EGL included. 

The channel is horizontal and wide. 


Solution: First get the conditions at “2” 
by assuming a frictionless acceleration: 





E, =y, +1 =10+—~ =10.062 ft=E, =y, +22, Also, Vy, = Voy, =20 
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24.4 


——_ 4.75 


Solve for V, = 24.4 ft/s; y, =0.820ft Ans.(a) Fr = 


Jump: =t Ji+sFr3-1]=6.23, y,=5.11ft Ans. (b) 


h, = 0329 _ G.11-0.82)" 


E, =10.062 ft; h; = = 4.71 ft, 
Aysy;  4(0.82)(5.11) 





10.85 In Prob. 10.72 the exit velocity from the sluice gate is 4.33 m/s. If there is a 
hydraulic jump at “3” just downstream of section 2, determine the downstream 
(a) velocity; (b) depth; (c) Froude number; and (d) percent dissipation. 


Solution: If V2 = 4.33 m/s, then y2 = Viyi1/V2 = (1.0)(0.2)/4.33 = 0.0462 m, and the 
Froude number is Fr2 = V2/[gy2]!" = 6.43. Now use hydraulic jump theory: 


D3 1+ 148643} =17.2, or: y}=0.398m Ans. (b) 





vy=1- (002) _ 9,503 m Ans. (a) 
V; 0.503 
Fr, = -= =- 0.255 Ans. (c) 
.398 — 0.046)? hy 592 
hy = eat edsn Sa re SA —=0.59 or 59% Ans. (d) 
P10.86 A bore is a hydraulic jump that propagates upstream into a still or slower- 


moving fluid, as in Fig. P10.86, on the Sée-Sélune channel, near Mont Saint Michel in 
northwest France. The bore is moving at about 10 ft/s and is about one foot high. Estimate 
(a) the depth of the water in this area, and (b), the velocity induced by the wave. 
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Fig. P10.86 






Fig. P10.86. Tidal bore on the Sée-Sélune river channel in northwest France. 
[Courtesy of Prof. Hubert Chanson, University of Queensland] 


Solution: The bore moves at speed C =10 ft/s 
and induces a velocity AV behind it. 
If viewed in a frame fixed to the wave, 


Fixed frame 











(a) The depth yı is unknown, but the bore <—_ — 
height is known, 1.0 ft, thus y. =, + 1.0, V.=C-AV Vi = C= 10 ft/s 
and Eq. (10.43) applies: oo V 
2» AtA li 1+8Fr2 -1]= tp1+8d0fi/s)?/G22y,) - 1] 
Yı JI 2 2 
Iteration or EES will yield y, = 1.18 ft Ans.(a) 


Equation (10.9), with dy = 1.0 ft and C = 10 ft/s, will also iterate to give y; = 1.18 ft. 
The Froude number Fr; = 1.62, yes, supercritical. 


(b) The induced velocity is substantial and is easy to find from continuity and the figure 
above: 


Vy =V, yy / Vo = (10 ft s)(1.18 ft/2.18 fi)= 5.42 fis ; AV = C— Vy =10-5.42= 4.58 fis Ans.(b) 
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10.87 A tidal bore may occur when the 
ocean tide enters an estuary against an Fig. P10.87 
oncoming river discharge, such as on the 

Severn River in England. Suppose that the 

tidal bore is 10 ft deep and propagates at 

13 mi/h upstream into a river which is 7 ft 

deep. Estimate the river current V, in kn. 





Solution: Modify the analysis in 10.86 by superimposing a river velocity Vr onto the 
flow. Then, as shown, the approach velocity is Vj = C + Vr, where C = 13 mi/h = 19.06 
ft/s. We may again use Eq. 10.43 to find the Froude number: 


Yo TT) ver? ail solve for Fr, =1.32 


Then V,=C+V, =Fr,J/gy, =1.32,/32.2(7) =19.77 ft/s =19.06 + V, 


Thus V, =0.71 ft/s=0.42 knots Ans. 





10.88 For the situation in Fig. P10.84, suppose that at section 3 the depth is 2 m and the 
Froude number is 0.25. Estimate (a) the flow rate per meter of width; (b) ye; (c) y1; (d) 
the percent dissipation in the jump; and (e) the gap height H of the gate. 

Solution: We have enough information to immediately calculate the flow rate: 

v, v; 


Fr; =0.25 = = ; 
Vay; (9.81 ms?) m) 











a 


The critical velocity is ye = (q?/g)!/3 = [(2.22 m?/s)"/(9.81 m/s”)]!/3 = 0.794 m. Ans. (b) 
We have to work our way back through the jump and sluice gate to find y1: 


29, =-14J14+8F = 290 =-1+/1+8(0.25), solve y, =0.225m 


2. 2 
V, = qlyy = (2.220.225) = 9.86 m/s, E, = y, + Ye =0.225+ CSO -5.18m 





y? m? 
E,=E,=5.18m=y,+—, q=V,y, =2.22—, solve y,;=5.17m Ans. (c) 





Chapter10 © Open Channel Flow 273 


The head loss in the jump leads to percent dissipation: 
1 Ayy, 42 m)(0.225 m) 


1 Ae 


3.11 m, 


Finally, the gap height H follows from Eq. (10.41), assuming free discharge: 


m? 0.61 
=C,HJ2ey, =2.22 =| ———?> = |.,/29.81)(5.17 m), 
a om | ./1+0.61H/5.17 m 





10.89 Water 30 cm deep is in uniform flow down a 1° unfinished-concrete slope when 
a hydraulic jump occurs, as in Fig. P10.89. If the channel is very wide, estimate the water 
depth y2 downstream of the jump. 


y, =30 cm 





Unfinished 
concrete, 1° slope 


Fig. P10.89 


Solution: For unfinished concrete, take n = 0.014. Compute the upstream velocity: 





1 1 fs m 4.23 
V= SRE So == (0.3)73(sin 1°)? = 4.23 =; Fri =- = 2.465 


eae +) fi +8(2.465)? — 1] =3.02, y, =3.02(0.3)=0.91m Ans. 





10.90 For the gate/jump/weir system sketched earlier in Fig. P10.76, the flow rate was 
determined to be 379 ft3/s. Determine (a) the water depths y2 and y3, and (b) the Froude 


numbers Fr, and Fr; before and after the hydraulic jump. 
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Solution: With the flow rate known, we can compute V, and E, and equate them to section 2 values: 


O 37 f? s 
b Sift 











2 
47.3022 Vin, =Y02f), % =395£ 


2 . . B.95 ft/s)? 


E = paia 12 ft + =~ = 12.24 fi 
2g 2(32.2 ft/s?) 





2) 


42 
Thus 2 = Vz y} = 47.392 and E = yo + = 12.24 ft 
s g 


As we did in Chapter 3 Bernoulli problems, we can solve the last two equations for 


y3 = 1.83ft Ans(a) ; V3 =259Ē ; Fr = P a S o a Ans O) 


s Jey2 32.20.83) 





As expected, the flow in section 2 is highly supercritical. Now use hydraulic jump theory: 


2 2 
£V3 L3 O a 1+8Fr2 =—1+4/1+8(3.37)? =8.593; Solve y3 =7.86ft Ans.(a) 


y2 (1.83 ft) 
2 
fj OOF TS 6 03T shy en BOP Ly ag) ance) 


V3 7.86 ft s &V3 /32.2(7.86) 





Again as expected, the flow in section 3 is subcritical. 





10.91 No doubt you used the horizontal-jump formula (10.43) to solve Probs. 10.89 and 
10.90, which is reasonable since the slope is so small. However, Chow [ref. 3, p. 425] 
points out that hydraulic jumps are higher on sloped channels, due to “the weight of the 
fluid in the jump.” Make a control-volume sketch of a sloping jump to show why this is 
so. The sloped-jump chart given in Chow’s figure 15-20 may be approximated by the 
following curve fit: 
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1/2 
m. | 1+8Fr?| -1 [e55 


where 0 < So < 0.3 are the channel slopes for which data are available. Use this 
correlation to modify your solution to Prob. 10.89. If time permits, make a graph of y2/y1 
(20) versus Fr; (<15) for various Sp (<0.3). 


Clean this up and rearrange: 


7 E Ioe L 
Solution: Include the water weight in a (1) / cv ote ae 
control volume around the jump: ee J 
2 
PZ a PE tes 2 vw a 
LF, =- yib- yjb+Wsinð — 
2 QS = Ww v2 
ssa ~ 
-NV -V\ So TNS eee 
Ghee pees a Sse x 
Fig. P10.91 


r(l-KS,)-r(@+1)+@=0, where r=72, @=2Fr;, K=—=4 orso 


The solution to this cubic equation gives the jump height ratio r. If K = 0 (horizontal 
jump), the solution is Eq. 10.43. If K >0 (sloping jump), the jump height increases 
roughly as Chow’s formula predicts. There is only a slight change to the result of 
Prob. 10.89: 


3.58 3.5sin1° 
Y2new = Y2Prob.10.80€ ° =0.9le =0.97m Ans. 


A plot of Chow’s equation is shown below. 
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P10.92 A familiar sight is the circular hydraulic jump formed by a faucet jet falling onto 
a flat sink surface, as in Fig. P10.92. Because of the shallow depths, this jump is strongly 
dependent on bottom friction, viscosity, and surface tension [Watson, 1964]. It is also 
unstable and can form remarkable non-circular shapes, as shown in the website 
http://web.mit.edu/jeffa/www/jump.htm. For this problem, assume that two-dimensional 
inviscid jump theory is valid. If the water depth outside the jump is 5 mm, the radius at 
which the jump appears is R = 3 cm, and the faucet flow rate is 100 cm’/s, find the 
conditions just upstream of the jump. 
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Figure P10.92 A circular hydraulic jump in a kitchen sink. 
[Courtesy of Prof. Hubert Chanson, University of Queensland] 


Solution: Compute the upstream Froude number, jump theory, and one-dimensional 
continuity: 


v; 2 
mater, aae a nee 
Vo" Yı 2TR y, 


We are given y2 = 0.005 m, R = 0.03 m, Q = 0.0001 m’°/s, and, of course, g = 9.81 m/s?. 
The only unknowns are yı and Vı, plus we must ensure that Fr; > 1. Solve by EES or 
iteration: 








y = 171mm ; V = 0.310ms ; Fr = 2.395 Ans. 





10.93 Water in a horizontal channel accelerates smoothly over a bump and then 
undergoes a hydraulic jump, as in Fig. P10.93. If yı = 1 m and y3 = 40 cm, estimate (a) V1; 
(b) V3; (c) y4; and (d) the bump height h. 
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Solution: Assume frictionless flow except in the jump. From point 1 to point 3: 


© 





‘1 








=E,=0.4+—3—; Continuity: V,(1.0) = V;(0.4) 


asn nan 


Energy: E, =1+ 


asn naan 


Solve simultaneously by iteration for V, = 1.50 = Ans. (a) V3 =3.74 2 Ans. (b) 


The flow after the bump is supercritical: Fr, = 3.74/,/[9.81(0.4)] = 1.89 . For the jump, 
Ya = EN 14+8(1.89)? — 1| =2.22, y, =2.22(0.4)=0.89m Ans. (c) 


Finally, use energy from “1” to “2” and note that the bump flow must be critical: 


w2 
E, =L115=E,=y,+—+h; Vy, =1.50=V,y,; and: V, =./9.81y, 


Solve simultaneously for y2=0.61 m; V2 =2.45 m/s; h=0.20m_ Ans. (d) 





P10.94 In Fig. 10.11, the upstream flow is only 2.65 cm deep. The channel is 50 cm 
wide, and the flow rate is 0.0359 m/s. Determine (a) the upstream Froude number; (b) 
the downstream velocity; (c) the downstream depth; and (d) the percent dissipation. 


Solution: (a) We have enough information to find the upstream Froude number: 


Q _ 00359m /s m V 2.71 


=271— ; Fj= -= = 
byy  (0.5m)(0.0265m) s ° | Jey (9.81(.0265) 


(b, c) Jump theory, Eqs. (10.43,44) gives us the downstream depth and velocity: 


V= 





= 5.32 Ans.(a) 
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ai Jiag F” -1]= 510 +845.32)-1] =7.04 ; y, = 7.04(0.0265m) = 0.187m Ans.(c) 
1 
Vi yı _ (2.71)(0.0265) 


V2 0.187 
(d) The head loss and percent dissipation follow from Eq. (10.45): 


Vy = = 0.385" Ans.(b) 
S 


p, = O22% _ (0.187-0.0265) 
X 4y y 4(0.0265)(0.187) 


y? 1D? 
E =y++= 0.02654 27) 
2g 


= 0.208m 





= 0.401 m ; Dissipation = 9:208 = 0.52 or 52% Ans.(d) 
2(9.81) 0.401 





This is a strong, steady jump, similar to Fig. 10.12d of the text. 





10.95 A 10-cm-high bump in a wide Bump: A = 10 cm 
horizontal channel creates a hydraulic jump Fig. P10.95 
just upstream and the flow pattern in 

Fig. P10.95. Neglect losses except in the 

jump. If y3 = 30 cm, estimate (a) V4; (b) 

y4; (c) V1; and (d) y1. 


Solution: Since section “2” is subcritical 
and “4” is supercritical, assume “3” is critical: 


V, = J/gy; = J9.81(0.3) =1.72 =, thus q = Viy;l>3.4=1.72(0.3) = 0.515 m3/sxm 


2 v2 
+0.1=0.55m=E,=y,+——; and VW,y,=0.515 


v2 
y3+— +h=0.34 


Solve for y4=0.195m Ans. (b); V4 = 2.64 ee Ans. (a) 


y2 
Also, E, =0.55= y, + and V,y,=0.515, solve y2 = 0.495 m, V2 = 1.04 m/s 
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Fr, = faa ES = 0.472, Jump: a = al Vl + 8(0.472)° -1 |= 0.334 = A az 
0.515 m 
Thus yı=0.165m Ans. (d); Visz =311 — Ans. (c) 
P10.96 For the circular hydraulic jump in Figure P10.92, let the water depths 


before and after the jump be 2 mm and 4 mm, respectively. Assume that two-dimensional 
jump theory is valid. If the faucet flow rate is 150 cm°/s, estimate the radius R at which 
the jump will appear. 


Solution: The proper radius R must yield the upstream and downstream velocities that 
satisfy two-dimensional jump theory: 


v, 2 
Fa =- >11; Seite oe n=- = 2 


[gy, v 2R y 2TR yz 








Given Q = 0.00015 m/s, yı = 0.002 m, and y2 = 0.004 m. The only unknown is R, which 
then establishes the velocities. EES will solve the problem, but a direct solution is 
possible: 





2 i vi 
2y _2(0.004m) 414 i+8Fr , solve for Fh =1.732 = S — 
yı  (0.002m) 9.81(0.002) 


3 
Solve for y =0.243”2= ®20015m /s Solve for R = 0.0492m Ans. 


s  2mR(0.002m)” 
10.97 A brickwork rectangular channel 4 m wide is flowing at 8.0 m°/s on a slope of 
0.1°. Is this a mild, critical, or steep slope? What type of gradually-varied-solution curve 
are we on if the local water depth is (a) 1 m; (b) 1.5 m; (c) 2 m? 


Solution: For brickwork, take n = 0.015. Then, with q = Q/b = 8/4 = 2.0 m?/s-m, 


3 23 

m _ l 23 1/2 1 4y \ : 1⁄2 

Q=8 — =- ARPS = —— (4 ——., (sin0.1°)⁄, 
go p ne 0015 Yn) 4+2y,7 ( ) 
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whereas yc = (q?/g)'3 = [(2)2/9.81]! = 0.742 m. Since Yn > Ye, Slope is mild Ans. 


All three of the given depths—1.0, 1.5, and 2.0 meters—are above yn on Fig. 10.14c, 
hence all three are on M-1 curves. Ans. 





10.98 A gravelly-earth wide channel is flowing at 10.0 m%/s per meter on a slope of 
0.75°. Is this a mild, critical, or steep slope? What type of gradually-varied-solution curve 
are we on if the local water depth is (a) 1 m; (b) 2 m; (c) 3 m? 


Solution: For gravelly earth, take n ~ 0.025. Then, with Rn = y itself, 
1 


gain Y= L Ape 





(y, 23 (sin0.75°)"”, solve for y, ~1.60 m 


whereas ye = (q7/g)! = [(10)7/9.81]!7 = 2.17 m. Since ye > yn, slope is steep Ans. 
The three given depths fits nicely into the spaces between yn and yc in Fig. 10.14a: 
y=lm<y,<y,: S-3curve Ans.(a) y,<y=2m<y,: S-2curve Ans. (b) 


Yn <¥o<y=3m: S-leurve Ans. (c) 





10.99 A clay tile V-shaped channel, of included angle 60°, is flowing at 1.98 m/s on a 
slope of 0.33°. Is this a mild, critical, or steep slope? What type of gradually-varied- 
solution curve are we on if the local water depth is (a) 1 m; (b) 2 m; (c) 3 m? 


Solution: For clay tile, take n = 0.014. For a 60° Vee-channel, from Example 10.5 of 
the text, A = y7cot60° and Rn = (y/2)cos60°. For uniform flow, 


1 1 + 
Q=1.98 =- ARFS? =— (y? cot60°)| Xcoseor! (sin0.33°)”, 


us 
20? 
solve for yp; = 1.19 m; whereas y, = (2) = 1.19 also. Slope is critical. Ans. 
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Fig. 10.14b: y=1m<ye: C-3curve Ans. (a); y=2or3m>ye:C-lecurves Ans. (b,c) 





10.100 If bottom friction is included in the sluice-gate flow of Prob. 10.84, the depths 
(y1, y2, y3) will vary with x. Sketch the type and shape of gradually-varied solution curve 
in each region (1,2,3) and show the regions of rapidly-varying flow. 


Solution: The expected curves are all of the “H” (horizontal) type and are shown below: 





(3) 





pO) 


Bottom friction accounted for 





Ans. 
Fig. P10.100 





10.101 Consider the gradual change from the profile beginning at point a in Fig. P10.101 on a 
mild slope So1 to a mild but steeper slope So2 downstream. Sketch and label the 
gradually-varied solution curve(s) y(x) expected. 


Solution: There are two possible profiles, depending upon whether or not the initial M- 
2 profile slips below the new normal depth yn2. These are shown on the next page: 
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steeper 


Fig. P10.101 
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10.102 The wide channel flow in i => 
Fig. P10.102 changes from a steep slope to Fig. P10.102 

one even steeper. Beginning at points a and 

b, sketch and label the water surface 

profiles which are expected for gradually- 

varied flow. 


Solution: The point-a curve will approach 
each normal depth in turn. Point-b curves, 
depending upon initial position, may 
approach yn? either from above or below, 
as shown in the sketch below. 
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10.103 A circular painted-steel channel, of radius 50 cm, is running half-full at 1.2 m/s 
on a slope of 5 m/km. Determine (a) whether the slope is mild or steep; and (b) what type 
of gradually-varied solution applies at this point. (c) Use the approximate method of 
Eq. (10.52), and a single depth increment Ay = 5 cm, to calculate the estimated Ax for this 
new y. 


Solution: (a) To classify the slope, we need to compute yn and yc. Take n = 0.014. The 
geometric properties of the partly-full circular duct are taken from the discussion of Eq. (10.20): 


size opaa BE ie 


a a 


si 








A=R(6- i20 y= R[1 + sin (90° — 0)] 


where @ is measured from the bottom of the circle (see Fig. 10.6a). For normal flow, 
3 ; : 28 
1 1 sin 2 0. 20 
o=12 ™ = an Js, = 1 | 05) o— 228) 25/1828] Joos 


EES seems indicated, and the solution is 6, = 107.9° and yn = 0.654 m. Next, for this 
non-rectangular channel, critical flow occurs when 


bO y i 
A= [ 4.2" ) where b, =2Rcos(90°-@) and Q=1.2 — 








Again, EES is handy, and the solution is @ = 104.8° and ye = 0.628 m. 

(a) Thus ye < yn, and the channel slope is therefore mild. Ans. (a) 

(b) From Fig. 10.14c, since we are starting at y = 0.5 m, which is less than yc, we will 
proceed for Fr > 1 along an M-3 curve. Ans. (b) 

(c) We are to find Ax required to move from y = 0.5 m to y = 0.55 m in one step (Ay = 
0.05 m), using the numerical method of Eq. (10.52). At the initial depth, 


y, =0.5 m; V, =3.06 més; E, =0.976 m; R, =0.25 m; S; = n?°V?’/R}? =0.0116 
Similarly, at the final depth, 
ya =0.55 m; V, =2.71 m/s; E, = 0.925 m; R,» =0.265 m; S, = n°V’/R}’ = 0.00847 


The numerical approximation, Eq. (10.52), then predicts: 
_ E,-E, _ 0.925- 0.976 m _ — 051 


E € A ANK (NO114 1 NANNEAINIYD NMNENA 


Ax =10.lm_ Ans. 








10.104 The rectangular channel flow in Fig. P10.104 expands to a cross-section 50% 
wider. Beginning at points a and b, sketch and label the water-surface profiles which are 
expected for gradually-varied flow. 
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Solution: Three types of dual curves are possible: $2/S2, $3/S2, and S3/S3, as shown: 


8) UPS inenaesr in 
=— oe 
channel width 





Fig. P10.104 





10.105 In Prob. 10.84 the frictionless solution is y2 = 0.82 ft, which we denote as x = 0 just 
downstream of the gate. If the channel is horizontal with n = 0.018 and there is no hydraulic 
jump, compute from gradually-varied theory the downstream distance where y = 2.0 ft. 


Solution: Given g = Vy = 20 ft*/s-ft, the critical depth is ye = (q7/32.2)!? = 2.32 ft, 
hence we are on an H-2 curve (see Fig. 10.14d) which will approach y- from below. We 
solve the basic differential equation 10.51 for horizontal wide-channel flow (So = 0): 


dy -n°g Kay) (0. 13) (20)°(2.208y'™) 
+ | à Dene = 


Ty rani? inana AN 


for y, =0.82 ft atx =0 ft. 


The water level increases until y=2.0ft at x=200ft. Ans. 


The complete solution y(x) is shown below. 


O d O 
From Eq. 10.51 





0 50 100 150 200 
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10.106 A rectangular channel with n = 0.018 x=L 
and a constant slope of 0.0025 increases its Fig. P10.106 
width linearly from b to 2b over a distance L, 

as in Fig. P10.106. (a) Determine the variation 

y(x) along the channel if b = 4 m, L = 250 m, 

y(0) = 1.05 m, and Q = 7 m?/s. (b) Then, if 

your computer program is working well, 

determine y(0) for which the exit flow will be 

exactly critical. 


Solution: We are to solve the gradually-varied-flow relation, Eq. 10.51: 


= —_°____, where S= V= 


n4 ? 1 





dy S, -S n’ V? Q by 


x 40 SIANA K 


For reference purposes, compute yc = 0.68 m and yn = 0.88 m at x = 0, compared to 
Yc = 0.43 m and yn = 0.53 m at x = 250 m. For initial depth y(0) = 1.05, we are on an M-2 
curve (see Fig. 10.14c) and we compute y(L)=1.61m. Ans. (a) 


The curve y(x) is shown below. 


The writer cannot find any y(0) for which the exit flow is critical. Ans. (b) 





This figure shows y(x) for Prob. 10.106 when y(0) = 1.05 m. 
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10.107 A clean-earth wide-channel flow is flowing up an adverse slope with S, = —0.002. 
If the flow rate is g = 4.5 m?/s-m, use gradually-varied theory to compute the distance for 
the depth to drop from 3.0 to 2.0 meters. 


Solution: For clean earth, take n = 0.022. The basic differential equation is 


dy X S, _ n’q Kay’) 
1 4 “ an i 


2 


S, =—0.002, a =1.0, q=4.5, n=0.022, y(0)=3.0 m 


The complete graph y(x) is shown below. The depth = 2.0 m when x=345m. Ans. 








10.108 Water flows at 1.5 m*/s along a straight, riveted-steel 90° V-channel (see Fig. 10.41, 0 
= 45°). At section 1, the water depth is 1.0 m. (a) As we proceed downstream, will the water 
depth rise or fall? Explain. (b) Depending upon your answer to part (a), calculate, in one 
numerical swoop, from gradually varied theory, the distance downstream for which the depth 


rises (or falls) 0.1 m. 


Solution: For riveted steel, from Table 10.1, 1 =0.015. Calculate y, and y, at section 1: 


90°Vee: A=y?,R, = 2, gA? =b,Q? becomes y, =( 


Js 


20° Js 20.5)? 1/5 <9 956m 
g 9.81 





3 
Chezy: 0 =1.5”~ = zor OCH)? YOO , solve for y, = 0.728m 
S $ 
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Since yc > Yn, we are on a steep slope. Since the given initial y, = 1.0 m is greater than both y. 
and y,, we will proceed along an S-1 curve, Fig. 10.14a. The water depth will rise. Ans.(a) 


(b) For y; = 1 m, compute the quantities we need for gradually varied theory, Eq. (10.49): 
























































3 2772 2 2 
$ s V : : 
i." 262s V= Lam = Sr pe (0:015) “d 2 0.00203 
V8 A (Im) s œ R} (1.0)(0.354) 
2V/? 5)? — .011—0. 
me 20.5? 0459; Z p =S Si _ 0.011—0.00203 _ 4 99163 
gy,  (9.81)(1.0) dx 1— Fr 1—0.459 
Make the same calculations at section 2, where y2 = y, +0.1 m = 1.1 m: 
R, = 1.1m =0.389m ; V> Q 1.5m? /s 124”. S5 n? V? (0.015)? 1.24)? ae 
V8 i A, (1.1m)? s’ o REO (1.0)(0.389)4 
2 2 aa = 
Fre -IÈ 2028? _yog5. l S, 3 — 0.011-0.00122 _ 9 99137 
gy2 (9810.1) dx 1—Fr: 1—0.285 
For one swoop Ax, take the average slope and use it to estimate the horizontal distance: 
dy 1 1.1—1.0m 
— _2 = —(0.00166 +0.00137)=0.00151 , Ax;_, = ————__ = 6.6m Ans.(b 
dx lavg.1 2 58 ) 12 0.00151 ns.( ) 





10.109 Figure P10.109 illustrates a free overfall or dropdown flow pattern, where a 
channel flow accelerates down a slope and falls freely over an abrupt edge. As shown, 
the flow reaches critical just before the 
overfall. Between yc and the edge the flow is 
rapidly varied and does not satisfy gradually 
varied theory. Suppose that the flow rate is g = 
1.3 m°/(s-m) and the sur-face is unfinished 
cement. Use Eq. (10.51) to estimate the water 
depth 300 m upstream as shown. 

Fig. P10.109 
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Solution: For unfinished cement, take n = 0.012. The basic differential equation is 


d — nz? fry l03 3 
dy Soma = sin(0.06)=0.00105, q=13 “, n=0.012, 


y(0) = Yoviticar = (Q7/g)! =[.3)°/9.81]? = 0.556 m, integrate for Ax <0. 


The solution grows rapidly at first and then approaches, at about 150 m upstream, the 
normal depth of 0.646 m for this flow rate and roughness. The profile is shown on the 
next figure. 
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10.110 We assumed frictionless flow in solving the bump case, Prob. 10.65, for which 
V2 = 1.21 m/s and y2 = 0.826 m over the crest when max = 15 cm, Vj = 1 m/s, and yj = 1 
m. However, if the bump is long and rough, friction may be important. Repeat Prob. 
10.65 for the same bump shape, h = 0.5/max[1 — cos(27x/L)], to compute conditions (a) 
at the crest and (b) at the end of the bump, x = L. Let hmax = 15 cm and L = 100 m, and 
assume a clean-earth surface. 


Solution: For clean earth, take n = 0.022. The basic differential equation is 





dy S, =n? eye m? 
o a 1 Re? q=10 eas 
dh ho (2 

$22) oe sal ay) y(0)=1m 


We integrate this for clean earth (n = 0.022) and also for frictionless flow (Prob. 10.65), 
n = 0. The results are shown on the next page. The frictionless profile drops to y = 
0.826 m at the crest and returns to y = 1.0 m at the end, x = L= 100 m. The frictional 
flow drops lower, to y = 0.782 m at the crest [Ans. (a)] and even lower, to 
y = 0.778 m at x = 54 m, and then does not recover fully, ending up at y = 0.909 m 
at 

x=L. [Ans. (b)] 


292 SolutionsManual e Fluid Mechanics, Seventh Edition 


Oe =e 

St i 
ese 
e 


Fegi 








10.111 Solve Prob. 10.105 (a horizontal variation along an H-3 curve) by the 
approximate method of Eq. (10.52), beginning at (x, y) = (0, 0.82 ft) and using a depth 
increment Ay = 0.2 ft. (The final increment should be Ay = 0.18 ft to bring us exactly to 
y=2.0 ft.) 


Solution: The procedure is explained in Example 10.10 of the text. Recall that n = 0.018 
and the flow rate is q = 20 ft?/s/ft. The numerical method uses Eq. (10.52) to compute Ax 
for a given Ay. The “friction slope” S = n*V7/(2.208y"3). The bed slope Sy = 0 
(horizontal). The tabulated results below indicate that a depth of 2.0 ft is reached at a 
distance x = 195 ft downstream. 


[NOTE: Prob. 10.105 had a more accurate numerical solution x ~ 200 ft.] 


y, ft V=20/y E=y S S-avg Ax, ft  x=}Ax, 
+ VRg ft 
0.82 24.390 10.057 0.1137 n/a n/a 0.000 
1.02 19.608 6.990 0.0549 0.084 36.37 36.37 
1.22 16.393 5.393 0.0303 0.043 37.49 73.86 
1.42 14.085 4.500 0.0182 0.024 36.82 110.68 
1.62 12.346 3.987 0.0118 0.015 34.25 144.93 
1.82 10.989 3.695 0.0080 0.010 29.56 174.49 


2.00 10.000 3.553 0.0058 0.007 20.63 195.12 
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10.112 The clean-earth channel in | 
Fig. P10.112 is 6 m wide and slopes at Fig. P10.112 
0.3°. Water flows at 30 m/s in the channel 

and enters a reservoir so that the channel 

depth is 3 m just before the entry. 

Assuming gradually-varied flow, how far 

is L to a point upstream where y = 2m? 

What type of curve is the water surface? 


Solution: For clean earth, take n = 0.022. The differential equation is Eq. 10.51: 





d Ss 2 21 A2R3 3 
dy Sen QAAR) Where S, =0.3°, Q=30 Y, b=6 m, A =by, y(0)=3.0 


Da n 


To begin, compute yn = 1.51 m and yc = 1.37 m, hence ye < yn < y: we are on a mild 
slope above the normal depth, hence we are on an M-1 curve. Ans. 
Begin at y(0) = 3 m and integrate backwards (Ax < 0) until y =2 m at L =214m. Ans. 


ee eee a 
poze | id et 
Pie ees 

> el 


-250 -200 -150 -100 -50 0 











10.113 Figure P10.113 shows a channel 
contraction section often called a venturi Fig. P10.113 
flume [from Ref. 23 of Chap. 10], because 

measurements of y; and y2 can be used to 

meter the flow rate. Show that if losses are 

neglected and the flow is one-dimensional and 

subcritical, the flow rate is given by 


1/2 
2801 — Ya) | 
al ma Sa Tr ai 
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Apply this to the special case b} = 3 m, b2 = 2 m, and yı = 1.9 m. Find the flow rate (a) if 
y2 = 1.5 m; and (b) find the depth y2 for which the flow becomes critical in the throat. 


Solution: Given the water depths, continuity and energy allow us to eliminate one velocity: 


2 


mad V; 5 
Continuity: Q=V,y;b, =V>y,b,; Energy: y;+—+=y, + 


Eliminate V; to obtain V, =[2g(y,-y,/(—-a@’)|'”_ where @=(y,b, My,b,) 


12 
or: Q=Vyb =| 280 -y2)/{b3?yz? -byi | Ans. 
Evaluate the solution we just found: 


1/2 
iia 29.8D0.9-1.5 > soa C Ana 


Q= a PEN iS ea 


For this part (a), Fr2 = VaN (gy2) = 0.86. 


(b) To find critical flow, keep reducing y2 until Fr2 = 1.0. This converges to y2 = 1.372 m. 
[for which Q = 10.1 m/s] Ans. (b) 





10.114 For the gate/jump/weir system sketched earlier in Fig. P10.76, the flow rate was 


determined to be 379 ft?/s. Determine the water depth y4 just upstream of the weir. 


Solution: With the flow rate and weir width known, we can go directly to Eqs. (10.55, 56) 





Cu sharp—crested = = 0.564 + 0.084674) (= 0.642 after iteration) 


weir 


Q= a Cybal/g H3!? = Cy (8ftW32.2ft /s? H3/? 


Iteration or “EES: Hy = 5.53ft ; Cy=0.642 ; y, =5.53+6ft = 11.53ft Ans. 
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10.115 Gradually varied theory, Eq. (10.49), neglects the effect of width changes, 
db/dx, assuming that they are small. But they are not small for a short, sharp contraction 
such as the venturi flume in Fig. P10.113. Show that, for a rectangular section with b = 
b(x), Eq. (10.49) should be modified as follows: 


D. S, — S +[V°Kgb)](dbldx) 


= 9 


Investigate a criterion for reducing this relation to Eq. (10.49). 


Solution: We use the same energy equation, 10.47, but modify continuity, 10.47: 








Energy: By V OY ag. —S; continuity: V = = 2 atl aa = = = 
2 2 
or: ee ae combine: ay(, WV ilig -S+ x ah Ans 


Obviously, we can neglect the last term (width expansion) and obtain Eq. 10.49 if 


2 
E v) or: abab: e _ Ans. (approximate) 


a 


2 
V? db db _-s-0(— 














a" 


Since (f/8) = O(0.01) and (b/Rh) = O(1), we are OK unless Ab = L (large expansion). 





P10.116 =A Cipolletti weir, popular in 
irrigation systems, is trapezoidal, with 
sides sloped at 1:4 horizontal to vertical, 


as in Fig. P10.116. The following are flow-rate 





values, from the U. S. Dept. of Agriculture, 


I 
<— —tis. P10.116 


for a few different system parameters: 





H, ft 0.8 1.0 1.35 1.5 





b, ft 1.5 2.0 2.5 3.5 























Q, gal/min 1610 3030 5920 9750 
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Ci tealulated) 0.589 0.595 0.593 0.595 














Use this data to correlate a Cipolletti weir formula with a reasonably constant weir coefficient. 


Solution: We have done this, and added a bottom row to the table. The correlation is 


= 1610 gpm(0.002228 fr? /s—gpm) 


(1.5 32.2 ft/s? (0.8 fi)?/? 


The correlation is so good, <1%, that the writer suspects the “data” is calculated from a 
formula 


= 0.589 





Q = C4 b Jg H?'?; Example: Cy 





10.117 A popular flow-measurement device in agriculture is the Parshall flume [33], Fig. 
P10.117, named after its inventor, Ralph L. Parshall, who developed it in 1922 for the U. S. Bureau 
of Reclamation. The subcritical approach flow is driven, by a steep constriction, to go critical 

(y = yc) and then supercritical. It gives a constant reading H for a wide range of tailwaters. 

Derive a formula for estimating Q from measurement of H and knowledge of constriction 


width b. Neglect the entrance velocity head. 


view 


Plan | Q b A ! 





l 

l 

l 

| 

| 

| 
Elevation H 7 \ 
view l \ 
| l 

1 V ! 





| 
Fig. P10.117 A 


Chapter10 ¢ Open Channel Flow 297 


Solution: The rectangular constriction fits the specific energy conditions of Eq. (10.31): 


v2 
Sy mA p Ee = H 
2 2g 


Eq.(10.30): O = by gy2 =~ by g(2H/3)* Pilea” Ans: 


critical 


where (2/3)°? = 0.544. In practice, experimental correlations are recommended. In Ref. 33, 


depending upon flume size, measured values of the exponent on H vary from 1.5 to 1.6. 





10.118 Using a Bernoulli-type analysis = a 
similar to Fig. 10.16a, show that the Fig. P10.118 

theoretical discharge of the V-shaped weir 

in Fig. P10.118 is given by 


O = 0.7542 g” tana H~? 


Solution: As in Eq. 10.52, assume that velocity V in any strip of height dz and width b, 
where z is measured down from the top, is V ~ V(2gz) and integrate for the flow rate: 


H 
Q= [| vdA=[ J2gz bdz, where b=b,(1—z/H) and b, =top width. 


Thus Q= Í 2gZz b, (1-2 ar $ pe% o H52, 


0 


Finally, then, Qua =S — [2g tana H” = 0.7542 Jg tana H? Ans. 
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10.119 Data by A. T. Lenz for water at 20°C (reported in Ref. 19) show a significant 
increase of discharge coefficient of V-notch weirs (Fig. P10.118) at low heads. For œ = 
20°, some measured values are as follows: 


H, ft: 0.2 0.4 0.6 0.8 1.0 
Ca: 0.499 0.470 0.461 0.456 0.452 


Determine if these data can be correlated with Reynolds and Weber numbers vis-à-vis 
Eq. (10.61). If not, suggest another correlation. 


Solution: There is little or no Reynolds number effect. We can ascribe the entire effect 
to surface tension Y, or Weber number We = pgH’/Y. 
A Power-law curve-fits the raw data and hence also fits the Weber-number form: 


0.0060 


2 
pel Ans. 
Y 


where We = 


Convert to dimensionless form: Cy ~ 0.449+ me 
We" 


The data and this curve-fit are shown on the graph below. 





100.00 1000.00 We 10000.00 100000.00 
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10.120 The rectangular channel in Fig. P10.120 contains a V-notch weir as shown. The 
intent is to meter flow rates between 2.0 and 6.0 m*/s with an upstream hook gage set to 
measure water depths between 2.0 and 2.75 m. What are the most 

appropriate values for the notch height Y and the notch half-angle œ? 





Fig. 


P10.120 


Solution: There is an exact solution to this problem which uses the full range of water 
depth to measure the full range of flow rates. Of course, there are also a wide variety of 
combinations of (œ, Y) which do a good job but have somewhat less range and accuracy. 
Anyway, for the “solution” to this problem, match each flow to each depth, with H = y — Y 
and using Table 10.2(c) for the flow-rate correlation: 


3 
y=2m: Q=2 ~ =0.44 tana/g(2.0-Y)*”: 
S 


Divide these two to get Y = 0.64m Ans. Back substitute for œ = 34° Ans. 





10.121 Water flow in a rectangular channel is to be metered by a thin-plate weir with 
side contractions, as in Table 10.2b, with L = 6 ft and Y = 1 ft. It is desired to measure 
flow rates between 1500 and 3000 gal/min with only a 6-in change in upstream water 
depth. What is the most appropriate length for the weir width b? 


Solution: We are given Y = 1 ft, so water level yı and weir width b are the unknowns. 
Apply Table 10.2(b) to each flow rate, noting that y2 = y1 + 0.5 ft: 


3 


Q, =1500 gpm =3.342 ba 0.581[b—0.1(y, —1)}V32.2(y, - D)?” 
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Q, =3000 gpm =6.684 — =0.581[b—0.1(y, —0.5)]V32.2(y, -0.5)*? 


Solve simultaneously by iteration for y, ~ 1.80 ft and b = 1.50 ft Ans. 





10.122 In 1952 E. S Crump developed the LL TOO 
triangular weir shape shown in Fig. P10.122 
[Ref. 19, chap. 4]. The front slope is 1:2 to 
avoid sediment deposition, and the rear 
slope is 1:5 to maintain a stable tailwater 
flow. The beauty of the design is that it has 
a unique discharge correlation up to near- 
drowning conditions, H2/H < 0.75: 





Fig. P10.122 TheCrumpweir[19, chap.4] 


Q=C,bg”| H,+-k,+ where Ca=0.63 and ky =0.3 mm 


a 





The term kp is a low-head loss factor. Suppose that the weir is 3 m wide and has a crest 
height Y = 50 cm. If the water depth upstream is 65 cm, estimate the flow rate in gal/min. 


Solution: We are given weir height Y = 50 cm and upstream depth yı = 65 cm, hence 
Hı = 65 — 50 = 15 cm. Apply the formula, which has an unknown (but low) velocity: 
v2 y Q Q 
Q =0.63(3.0)V9.81 fous +— 0.0003 , where V, =-= = 





Very slight iteration is needed to find Q ~ 0.349 m?/s = 5500 gal. Ans. 





10.123 The Crump weir in Prob. 10.122 is for modular flow, that is, when the flow rate 
is independent of downstream tailwater. When the weir becomes drowned, the flow rate 
decreases by the following factor: 


0.0647 
* j 


Q i Qoida S where f = ele _{ #2) 


for 0.70 < HŽ/H* < 0.93, where H* denotes H,+V,//(2g)—k, for brevity. The weir is 
then double-gaged to measure both H; and H2. Suppose that the weir crest is 1 m high 
and 2 m wide. If the measured upstream and downstream water depths are 2.0 and 1.9 m, 
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respectively, estimate the flow rate in gal/min. Comment on the possible uncertainty of 
your estimate. 


Solution: Again, as in Prob. 10.123, we do not know the velocities (which are fairly 
low) so we have to iterate the formula slightly: 
y2 


3/2 
Q =0.63(2.0)V9.81 | Ht f, where H*=H+——~—k,, V= Q for both 1 and 2 


Given H, =2—1=1mandH, =1.9-1=0.9 m, iterate slightly to 
Q =3.84 m*/s = 61000 gal/min Ans. 


This estimate is uncertain to at least +5%. The formula itself is a curve-fit and therefore 
probably uncertain. In addition, the formula is very sensitive to the measured values of y1 
and y2. For example, a 1% error in these measurements causes a 10% change inQ. Ans. 





10.124 Water flows at 600 ft?/s in a rectangular channel 22 ft wide with n ~ 0.024 and a 
slope of 0.1°. A dam increases the depth to 15 ft, as in Fig. P10.124. Using gradually 
varied theory, estimate the distance L upstream at which the water depth will be 10 ft. 
What type of solution curve are we on? What should be the water depth asymptotically 
far upstream? 


Backwater curve 





Fig. P10.124 


Solution: With depth given just upstream of the dam, we do not have to make a “weir” 
calculation, but instead go directly to the gradually-varied-flow calculation. Note first that 


2/3 
1.486 oy 22] (sin0.1°)'?, solve for normal depth y, = 4.74 


Q=600= 
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(600/22)? 


1/3 
or critical depth = 2.85 
32.2 | pie 


Also, y, =(q7/g)” -| 


Therefore, since yc < Yn < y, we are on a mild-slope M-1 curve. Ans. (Fig. 10.4c) The 
basic differential equation is: 


dy S,-n°q’/|2.208y°R}” 
dx 1-q°Kgy°) 


The graph of y(x) is shown below. We reach y = 10 ft at x = —3040 ft. Ans. 
If we keep integrating backward, we reach v = vn = 4.74 ft. 





-3500 -3000 -2500 -2000 -1500 -1000 -500 0 





10.125 The Tupperware dam on the Blackstone River is 12 ft high, 100 ft wide, and 
sharp-edged. It creates a backwater similar to Fig. P10.124. Assume that the river is a 
weedy-earth rectangular channel 100 ft wide with a flow rate of 800 ft?/s. Estimate the 
water-depth 2 mi upstream of the dam if Sy = 0.001. 





+ —— 9 miles 


Fig. P10.125 
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Solution: First use the weir formula to establish the water depth just upstream of the dam: 


3 
Q =800 E =Cyb,/g H*”? = (0.564-+ 0.0846 {000332 H??, 


Therefore the initial water depth is y(0) = Y + H= 12 + 1.81 = 13.81 ft. For weedy earth, 
take n = 0.030. We are on an M-1 curve, with a basic differential equation 


dy _ So =n°q? /(2.208y° Ri”? 800 100y 


, Where q=—, R,= , n=0.030, S, =0.001 


to be integrated backwards (Ax < 0) for 2 miles (10560 ft). The result is shown in the 
graph below. 





-12000 -10000 -8000 -6000 -4000 -2000 0 


At x =—2 miles = —10560 ft, the water depth is y=3.8 ft. Ans. 
[Another mile upstream and we would asymptotically reach the normal depth of 2.71 ft.] 





10.126 Suppose that the rectangular channel of Fig. P10.120 is made of riveted steel 
with a flow of 8 m?/s. If @= 30° and Y = 50 cm, estimate, from gradually-varied theory, 
the water depth 100 meters upstream. 
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Solution: For riveted steel, take n ~ 0.015. First use the weir formula to get y(0): 








Fig. P10.120 
Q=8 —=0.44tan30°V9.81H*?, solve H~2.52 m, y(0)=2.52+0.5=3.02m 
The basic differential equation is 
S, -n?q? y?R43 
yea where ae R,= ay ,n=0.015, S, =sin0.15° 
dx 1-q°gy ) 2 2+2y 


Integrate backwards (Ax < 0) for 100 m. The result is shown in the graph below: 





-100 -80 -60 -40 -20 0 


At x =—100 m, the water depth is y = 2.81 m. Ans. 
[Another 1000 m upstream and we asymptotically reach the normal depth of 1.62 m.] 
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P10.127 A clean earth river is 50 ft wide and averages 600 ft’/s. It contains a dam 
that increases the water depth to 8 ft, to provide head for a hydropower plant. The bed 
slope is 0.0025. (a) What is the normal depth of this river? (b) Engineers propose putting 
flashboards on the dam to raise the water level to 10 ft. Residents a half mile upstream are 
worried about flooding above their present water depth of about 2.2 ft. Using Eq. (10.52) 
in one big half-mile step, estimate the new water depth upstream. 


Solution: For clean earth, from Table 10.1, 7 = 0.022. (a) Evaluate the normal flow 
depth: 


f O p23 1.486 50 yn 2/3 
= 600 = ŽAR?) JS, = ==> (50 y, (2)? 0.0025 
2 ep PP Go 42», 


Iterate slightly to obtain R, =2.03 ft and y, = 2.21 ft Ans.(a) 
(b) Let point 1 be the dam, and point 2 be a half mile upstream. Prepare for Eq. (10.52): 


y2 f 2 
Q_ 600 _,,f Dae te) 











i = =12-; R=y+ = 10.02 fi 
' by (50)(10) gt Eg 2(32.2) fi 
Vs V, 1.2)(10 
Ey = yn + 2a Vy = 1» — 0DW , but we don't know y, yet. 
2g X2 v2 
2772 
n'y, V, +7. R, +R 
So = 0.0025 ; Sag = we. = 1°72 R,. = 2 
2 p2 avg $ „avg 
a Rias 2 2 


With some iteration needed to find yz, and thence Vavg, Rn,avg, and Save, we have 


E, -10.02 ; 
2 = L mile = 2640 fi 


7 0.0025- Smg 2 


This half-mile jump is too big for real engineering accuracy. Students may get a spread 
of answers, depending upon their approximations. The writer used EES and obtained 


yy =~ 3.6fi , Ay = y(10ft dam)- y (8 ft dam) =3.6 ft -2.2 ft = 1.4 ft Ans. 
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Upstream, the water will be 1.4 ft higher than without the flashboards. The residents 
may be right in their fears of flooding when the river discharge is high. 





10.128 A rectangular channel 4 m wide is 
blocked by a broadcrested weir 2 m high, as 
in Fig. P10.128. The channel is horizontal for 
200 m upstream and then slopes at 0.7° as 
shown. The flow rate is 12 m/s, and n = 0.03. 
Compute the water depth y at 300 m 
upstream from gradually varied theory. 





Solution: First use (smooth) weir theory to establish the depth just upstream of the dam: 


3 
Q=12 @ ~0.544(4.0)V9.81H?”2, solve for H=1.46m, ~. y(0)=H+Y =3.46 m 
S, -n?q? /( yR” 
g Sea YR where q aa R, =- 4y , n=0.03, two values of S, 





Integrate backwards (Ax < 0) for 200 m with So = 0, then for 100 m with So = sin0.7°. 
After 200 m, the depth is y = 3.56 m. Then at x = —300 m, y = 2.37m. Ans. 
Both water profiles are nearly linear: 


xm 0 50 100 150 -200 -225 -250 275 -300 
ym: 346 349 3.51 3.53 3.56 3.26 2.96 2.66 2.37m 





[At x = —400 m, the sloped flow will approach its normal depth of 1.05 m.] 
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FUNDAMENTALSOF ENGINEERINGEXAMPROBLEMS:Answers 


FE10.1 Consider a rectangular channel 3 m wide laid on a 1° slope. If the water depth 
is 2 m, the hydraulic radius is 
(a)0.43m (b)0.6m (c)0.86m (d)1.0m (e)1.2m 

FE10.2 For the channel of Prob. FE10.1, the most efficient water depth (best flow for a 
given slope and resistance) is 

(a)lm (b)15m (c)2m (d)2.5m (e)3m 
FE10.3 If the channel of Prob. FE10.1 is built of rubble cement (Manning’s n = 0.020), 
what is the uniform flow rate when the water depth is 2 m? 

(a)6 m/s (b) 18 m/s (c) 36mĉ/s (d) 40 m?/s_ (e) 53 m/s 
FE10.4 For the channel of Prob. FE10.1, if the water depth is 2 m and the uniform 
flow rate is 24 m/s, what is the approximate value of Manning’s roughness factor n? 
(a) 0.015 (b) 0.020 (c)0.025 (d) 0.030 (e) 0.035 

FE10.5 For the channel of Prob. FE10.1, if Manning’s roughness factor n = 0.020 and 
Q=24 m?/s, what is the normal depth yn? 

(a)lm (b)15m (c)2m (d)2.5m (e)3m 
FE10.6 For the channel of Prob. FE10.1, if Q = 24 m/s, what is the critical depth yc? 

(a) 1.0m (b)1.26m (c)1.5m (d)1.87m (e)2.0m 

FE10.7 For the channel of Prob. FE10.1, if Q = 24 m?/s and the depth is 2 m, what is 
the Froude number of the flow? 

(a)0.50 (b)0.77 (c) 0.90 (d) 1.00 (e)1.11 
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COMPREHENSIVEAPPLIEDPROBLEMS 


C10.1 February 1998 saw the failure of 22 ft 
the earthen dam impounding California 

Jim’s Pond in southern Rhode Island. The 

resulting flood raised temporary havoc in 

the nearby village of Peace Dale. The pond 

is 17 acres in area and 15 ft deep and was 

full from heavy rains. The breach in the 

dam was 22 ft wide and 15 ft deep. 

Estimate the time required to drain the 

pond to a depth of 2 ft. 


Solution: Unfortunately, Table 10.2, item b, does not really apply, because the breach 
is so deep:, H = y > 0.5Y = 0. Nevertheless, it’s all we have, and ponds don’t rupture 
every day, so let’s use it! A control volume around the pond yields 





L |f doma +Q, u =0, 


d 
or: Apond “> =-Qou =-0.581b-0.1y)g"? y”, 


b=22 ft, Ana =17 acres = 740,520 ft? 


pon 


If we neglect the “edge contraction” term “—0.1y” compared to b = 22 ft, this first-order 
differential equation has the solvable form 





Ww 
dy =—Cy*’, where C= eee eee) = 9.8E-5 ft sec”! 
2fi t 
d 2 2 
Separate and integrate: f u = -cÍ dt, or. -=--==Ct 
Finally, solve tyyain-to-21 = cH tele =9160s=2.55h Ans. 


If we used a spreadsheet and kept the term “—O.ly”, we would predict a time-to-drain- 
to-2 ft or about 2.61 hours. The theory is too crude to distinguish between these 
estimates. 
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C10.2 A circular, unfinished concrete ye hel ae 


drainpipe is laid on a slope of 0.0025 and is Fig. C102 
planned to carry from 50 to 300 ft*/s of ‘ 
run-off water. Design constraints are that 
(1) the water depth should be no more than 
3/4 of the diameter; and (2) the flow should 
always be subcritical. What is the 
appropriate pipe diameter to satisfy these 
requirements? If no commercial pipe is 
exactly this calculated size, should you buy 
the next smallest or the next largest pipe? 


Solution: For unfinished concrete n = 0.014. From the geometry of Fig. 10.6, 3/4 - full cor- 
responds to an angle @ = 120°. This level should be able to carry the maximum 300 ft?/s 
flow: 








o=120% A= R?( 9-520) _9 53n?, r = 8 (181076) _ o.coar 
3 
Try Q=300 ie 149 apeg = 149 (2.53R?)(0.603R) 0.0025 


Solve for Ry. ju = 3.64 ft Ans. 
Now check to see if this flow is subcritical: 


a [LN [UBD 


$ Au a 


1/3 
] = 2.53(3.64)° 





3 
Solve for Q, =438 ie >300, .. flow is subcritical 


Even at max flow, three-quarters full, the Froude number is only 0.68. Scanning the other 
flow rates, down to 50 ft?/s, yields smaller drainpipes. Therefore we conclude that a pipe 
of diameter D = 7.3 ft will do the job. Pick the nearest larger available size. Ans. 








C10.3 Extend Prob. 10.72, whose solution 
was V2 = 4.33 m/s. Use gradually-varied Fig. P10.72 
theory to estimate the water depth 10 m 
down at section 3 for (a) the 5° unfinished 
concrete slope shown in the figure; and (b) 
for an upward (—5°) adverse slope. (c) When 
you find out that (b) is impossible, explain 
why and repeat for an adverse slope of (—1°). 
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Solution: For unfinished concrete take n ~ 0.014. Note that y(0) = 0.0462 m. For the 
given flow rate q = 0.2 m*/s-m, first calculate reference depths: 


1 


nada 





(y)Q7"3)Vsin5°, solve normal depth y, ~ 0.0611 m 


‘ we ja ue 
Critical depth: y, = (a) = (92°) =0.160m_ .. Steep S-3 curve. 


q=0.2= 


The channel is “wide,” so the formulation of Example 10.8 is appropriate: 


224, ,10/3 


as 2 
dy Saan g S, =sin+5°, n=0.014, q=0.2, y(0) =0.0462 m, y(10 m)=? 


? aN 2. 


Numerical integration, by Excel or MATLAB or whatever, for the steep (S-3) slope yields 
y = 0.060 m at x = 10 m, nearly critical, as shown below. Ans. (a) Integration for the 
adverse (—5°) slope goes to critical at about x = 4.5 m—the theory fails for x > 4.5 
m. Ans. (b) If we go back and take a smaller adverse slope of (—1°), we obtain y = 0.16 
m at x = 9.8 m—the flow goes critical near x = L, as shown in the graph below. Ans. (c) 





0.16 7 
0.14 
0.12 + 
0.10 
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x, Meters 





C10.4 = It is desired to meter an asphalt rectangular channel of width 1.5 m which is 
designed for uniform flow at a depth of 70 cm and a slope of 0.0036. The vertical sides of 
the channel are 1.2 m high. Consider using a thin-plate rectangular weir, either full or 
partial width (Table 10.2a, b) for this purpose. Sturm [7, p. 51] recommends, for accurate 
correlation, that such a weir have Y 2 9 cm and H/Y < 2.0. Determine the feasibility of 
installing such a weir which will be accurate and yet not cause the water to overflow the 
sides of the channel. 
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Solution: For asphalt take n = 0.016. We have only one partial-width formula, and that 
is from Table 10.2b. We are slightly outside the limits of applicability, but we will use it 
anyway: 





Qei =0.581(b - 0.1H)g 2 H?’ 


where b and H are shown in the figure. 
Meanwhile, calculate the total flow rate in the expected normal flow: 


23 3 
=" are? Js, = 115 m(0.7 my| 2C] Jo9036 = 2.00 ™ 





The weir discharge must equal this flow rate. Let us begin by making b equal to the full 
available width of 1.5 m and holding Y to the minimum height of 9 cm. The weir formula is: 


3 
0=2.0  =0.581(1.5 m-0.1H)(9.81 m/s?) H??, solve for H = 0.845 m 


Note that H is independent of Y, but the ratio H/Y = 0.845/0.09 = 9.4, which far exceeds: 
Sturm’s recommendation H/Y < 2.0. If we raise Y to H/2 = 0.423 m, the total upstream 
water depth is H + Y = 1.27 m, which overflows the channel walls. If we back down to 
Y = 0.35 m, the upstream depth is only 1.195 m, so a wide-weir design is possible 
with H/Y = 2.4, not bad. 

Similarly, we can try shorter values of b, but either (1) the upstream depth will exceed 
1.2 m, or (2) the ratio H/Y will exceed 2.0. Here are some possible scenarios: 


b=14m: H=0.89m; H+Y=1.2m if Y=0.31lm and A/Y=2.9 
b=1.25m: H=0.97m; H+Y=1.2m if Y=0.23m and A/Y=4.2 
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The first two of these are plausible, although H/Y is larger than 2.0. The third result is not 
recommended because Y is too far below 9 cm. We conclude that reasonable designs 
are possible, but they slightly violate the constraints on the formulas we are using. 





C10.5 Figure C10.5 shows a hydraulic model of a compound weir, that is, one which 
combines two different shapes. (a) Other than measurement, for which it might be useful, 
what could be the engineering reason for such a weir? (b) For the prototype river, assume 
that both sections have sides at a 70° angle to the vertical, with the bottom section having 
a base width of 2 m and the upper section having a base width of 4.5 m, including the 
cut-out portion. The heights of lower and upper horizontal sections are 1 m and 2 m, 
respectively. Use engineering estimates and make a plot of upstream water depth versus 
Petaluma River flow rate in the range 0 to 4 m/s. (c) For what river flow rate will the 
water overflow the top of the dam? 


crude sketch of the 
photograph of the 


Waterways model 





Fig. C10.5 


Solution: We have no formulas in the text for a compound weir shape, but we can still 
use the concept of weir flow and estimate the discharge for various water depths. 

(a) A good reason for using a narrow bottom portion of the weir is to maintain a 
reasonable upstream depth at low flow, then widen to maintain a lower depth at high 
flow. It also allows a more accurate flow measurement during low flow. Ans. (a) 

(b) Rather than derive a whole new theory for compound weirs, we will assume that the 
bottom portion is more or less rectangular, based on average width b, with the top portion 
also assumed rectangular with its flow rate added onto the lower portion. For example, if 
H=1 m (the top of the lower portion), the flow rate is estimated by Table 10.2b: 


p -2728+20 m 


avg 


= 2.364 m, O ~0.58(b,,, —0.1H)g!” H*” 


avg 


or: Quone, =0.58[2.364 m-0.1(1 m)](9.81 m/s?) my’? = 4.1 m/s 


Then if H=2 m> 1 m, we figure Qupper the same way and add on the lower portion flow. 
Again take H = 1 m, that is, the height of the flow above the lower part of the weir: 


_ 4,545.23 m 


ave 


b =4.87m, Q =0.58(b 


avg 


-0.1H)g H”? 
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OF: Qyyper = 0.58[4.87 m=0.1(1 m)\(9.81 m/s?) P Q my’? = 8.7 m°/s 
Thus Qora = Qrower + Opper =4.1+8.7 = 12.8 m°/s 


Flow rates greater than this value of 12.8 m/s will overflow the top of the weir. Ans. (b) 
A plot of Q versus H for the range 0 < Q < 4 m*/s is shown below. 


4 








0.8 





0.6 





0.4 





0.2 











Upstream depth H, m 























0 bass | 
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Flow rate, m/s 
ProblemC10.5 





C10.6 Figure C10.6 shows a horizontal flow of water through a sluice gate, a hydraulic jump, 
and over a 6-ft-high sharp-crested weir. Channel, gate, jump, and weir are all 8 ft wide 


unfinished concrete. Determine (a) the flow rate, (b) the normal depth, (c) y2, (d) ys, and (e) ya. 





4 \ (4) 


| 6) 
v= 12 ft 


V 2) a A 


3f MN Hump) 6 ft | 














Fig. C10.6 


[Note to instructor: This problem combines the three parts of Problems P10.76, 10.90, and 10.114.] 
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Solution: (a) The flow rate follows from the sluice gate correlation, Eq. (10.41): 





O = C,Hb./2gy Oe 0:61 = 0.568 
= g AEN (n: COR. 


3 


or: O = (0.56893 AN8 2G22A1sDA2M = 379 Ë  Ans.(a) 
sS 


(b) Find the normal depth. This is a trick question! Ordinarily, if you know the flow rate, you 
can find the normal depth. But this channel is horizontal! It has no normal depth. Ans.(b) 


(c) With the flow rate known, we can compute V, and E, and equate them to section 2 values: 

















ks 3 
OE IS 4g ag Va = naz, VY, =3.95t 
b 8ft S S 

2 2 
E, =y +É =12f + Sea = 12.24 ft 
2g 2(32.2 ft/s?) 
2 2 
Thus l= = Vz y2 = 47.39 — £ and E, = y2 + = 12.24 ft 
g 


As we did in Chapter 3 Bernoulli problems, we can solve the last two equations for 


ip SAR Baste) 2 Pees hp SO eS Ras 


As expected, the flow in section 2 is highly supercritical. Now use hydraulic jump theory: 


2 2 
23 2—3 1+1 +8Fr2 =—1+41+8(3.37)? =8.593; Solve y; =7.86ft Ans.( 


y2 83A) 








(e) With the flow rate and weir width known, we can go directly to Eqs. (10.55, 56): 
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H 
Cy, sharp—crested = 0.564 + 0.0846 —* 





= 0.564 + 0.084674) (= 0.642 after iteration) 


weir 
3 
Q= 379 = Cyb g H3’? = Cy(8ft)V32.2ft/ s? H3/? 
s 
Iteration or EES: Cp = 0.642 ; H, = 5.53ft ; y, =5.53+6ft = 11.53ft Ans.(e) 





C10.7 Consider the vee-channel in Fig, C10.7, 
with an arbitrary angle @ Make a continuity and 
momentum analysis of a small disturbance dv<<y, ss = = = 
as in Fig. 10.4. Show that the wave propagation speed in 


this channel is independent of 6 and does not equal the wide-channel result c, = (gy)'”. 


Solution: NOTE: This derivation is heavy algebra, but the result is rewarding. A 


much easier derivation is to use critical-flow concepts, as in Prob. P10.57) ð 





Figure 10.4 is exactly applicable, except that the areas on 


either side of the wave are triangles, not rectangles. 


Continuity : æC y? cot = Ac- y +8)? cotO , 


2 
or: X =c 22t _ 2c? 
y^ +2yð +ð y 


Momentum: Note: The centroid of the triangle is one-third of the way down from the surface: 


1 "> 1 
EF, = 3 Py Q? cot O) — = pay +B) +51)” cot 6] = pay* cot O(e—c—) 
Cancel p and cot@: 5g Gr +3yV5° 45°) = cy V = 58 GY S+...) 


Substitute SV from continuity : c= | Ans. 


2 
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Compare this with the rectangular-channel relation c = (gy)!? from Eq. (10.10). The density and 


vee-angle do not appear, but the triangular shape changes the relationship. 





Chapter11° Turbomachinery 


11.1 Describe the geometry and operation of a human peristaltic PDP which is cher- 
ished by every romantic person on earth. How do the two ventricles differ? 


Solution: Clearly we are speaking of the human heart, driven periodically by travelling 
compression of the heart walls. One ventricle serves the brain and the rest of one’s 
extremities, while the other ventricle serves the lungs and promotes oxygenation of the 
blood. Ans. 





11.2 What would be the technical classification of the following turbomachines: 


(a) a household fan = an axial flow fan. Ans. (a) 

(b) a windmill = an axial flow turbine. Ans. (b) 

(c) an aircraft propeller = an axial flow fan. Ans. (c) 

(d) a fuel pump in a car = a positive displacement pump (PDP). Ans. (d) 

(e) an eductor = a liquid-jet-pump (special purpose). Ans. (e) 

(f) a fluid coupling transmission = a double-impeller energy transmission device. Ans. 
() 

(g) a power plant steam turbine = an axial flow turbine. Ans. (g) 





11.3. A PDP can deliver almost any fluid, but there is always a limiting very-high 
viscosity for which performance will deteriorate. Can you explain the probable reason? 


Solution: High-viscosity fluids take a long time to enter and fill the inlet cavity of a 
PDP. Thus a PDP pumping high-viscosity liquid should be run slowly to ensure filling. Ans. 





11.4 An interesting turbomachine is the torque converter [58], which combines both a 
pump and a turbine to change torque between two shafts. Do some research on this 
concept and describe it, with a report, sketches and performance data, to the class. 
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Solution: As described, for example, in Ref. 58, the torque converter transfers torque T 
from a pump runner to a turbine runner such that @pumpZpump ~ turbine Zturbine- 
Maximum efficiency occurs when the turbine speed @turbine 1s approximately one-half of 
the pump speed Wpump. Ans. 
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11.5 What type of pump is shown in 
Fig. P11.5? How does it operate? 


Solution: This is a flexible-liner pump. 
The rotating eccentric cylinder acts as a 
“squeegee.” Ans. 


e 
Fig. P11.5 





11.6 Fig. P11.6 shows two points a half- 
period apart in the operation of a pump. 
What type of pump is this? How does it 
work? Sketch your best guess of flow rate 
versus time for a few cycles. 


Solution: This is a diaphragm pump. As 
the center rod moves to the right, opening A 
and closing B, the check valves allow A to 
fill and B to discharge. Then, when the rod 
moves to the left, B fills and A discharges. 
Depending upon the exact oscillatory motion 
of the center rod, the flow rate is fairly steady, 
being higher when the rod is faster. Ans. 


valve 


Fig. P11.6 





11.7 A piston PDP has a 5-in diameter and a 2-in stroke and operates at 750 rpm with 
92% volumetric efficiency. (a) What is the delivery, in gal/min? (b) If the pump delivers 
SAE 10W oil at 20°C against a head of 50 ft, what horsepower is required when the 


overall efficiency is 84%? 


Solution: For SAE 10W oil, take p = 870 kg/m? = 1.69 slug/ft?. The volume displaced is 
v= TOO =39.3 in’, 


( tad Va at AF 


or: Q=117 gal/min Ans. (a) 
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11.8 A centrifugal pump delivers 550 gal/min of water at 20°C when the brake 
horsepower is 22 and the efficiency is 71%. (a) Estimate the head rise in ft and the 
pressure rise in psi. (b) Also estimate the head rise and horsepower if instead the delivery 
is 550 gal/min of gasoline at 20°C. 


Solution: (a) For water at 20°C, take p ~ 998 kg/m? ~ 1.94 slug/ft?. The power relation 
is 





550 ft? ) 
fotbf u Clm sa 
Power = 22(550) =12100 a F pen = am 2 


Pressure rise Ap = pgH = (62.4)(112) = 7011 psf +144 = 49 psi Ans. (a) 


(b) For gasoline at 20°C, take p = 680 kg/m? ~ 1.32 slug/ft®. If viscosity (Reynolds 
number) is not important, the operating conditions (flow rate, impeller size and speed) 
are exactly the same and hence the head is the same and the power scales with the 
density: 





Pp. 
H~ 112 ft (of gasoline); Power =P. gasoline 20 $80) 15hp Ans. (b) 


water 





11.9 Figure P11.9 shows the measured performance of the Vickers Inc. Model PVQ40 
piston pump when delivering SAE 10W oil at 180°F (p ~ 910 kg/m). Make some 
general observations about these data vis-a-vis Fig. 11.2 and your intuition about PDP 
behavior. 


Solution: The following are observed: 

(a) The discharge Q is almost linearly proportional to speed © and slightly less for the 
higher heads (H or Ap). 

(b) The efficiency (volumetric or overall) is nearly independent of speed Q and again 
slightly less for high Ap. 
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(c) The power required is linearly proportional to the speed Q and also to the head H 
(or Ap). Ans. 
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11.10 Suppose that the pump of Fig. P11.9 is run at 1100 r/min against a pressure rise 
of 210 bar. (a) Using the measured displacement, estimate the theoretical delivery in 
gal/min. From the chart, estimate (b) the actual delivery; and (c) the overall efficiency. 


Solution: (a) From Fig. P11.9, the pump displacement is 41 cm>. The theoretical 
delivery is 





3 3 
o=(1100 r Yar em) _ 45100 SS egg east BS aes) 


= 
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(b) From Fig. P11.9, at 1100 r/min and Ap = 210 bar, read 
Q = 47 L/min = 12 gal/min. Ans. (b) 
(c) From Fig. P11.9, at 1100 r/min and Ap = 210 bar, read Movera = 87%. Ans. (c) 





11.11 A pump delivers 1500 L/min of water at 20°C against a pressure rise of 270 kPa. 
Kinetic and potential energy changes are negligible. If the driving motor supplies 9 kW, 
what is the overall efficiency? 


Solution: With pressure rise given, we don’t need density. Compute “water” power: 


3. 
= pgQH =O Ap= (15 m = ‘270 EN | 6 75tW).a = 278%: Ane 





Pater 





11.12 Ina test of the pump in the figure, “_“ 
the data are: py = 100 mmHg (vacuum), Fig. P1112 
p2 = 500 mmHg (gage), Di = 12 cm, and 

D2 =5 cm. The flow rate is 180 gal/min 

of light oil (SG = 0.91). Estimate (a) the 

head developed; and (b) the input power 

at 75% efficiency. 


Solution: Convert 100 mmHg = 13332 Pa, 500 mmHg = 66661 Pa, 180 gal/min = 
0.01136 m3/s. Compute V1 = Q/Ay = 0.01136/[(2/4)(0.12)7] = 1.00 m/s. Also, V2 = Q/Ad 
= 5.79 m/s. Calculate ii = 0.91(9790) = 8909 N/m. Then the head is 


E A 





66661 ED -0.65 —13332 c 00)” 


anna In na annann amn na 


0, o: H=11.3m Ans. (a) 


SIGE 8909(0.01136)(1 1.3) 


name 


=1520 W Ans. (b) 


Power 
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P11.13 A 3.5 hp pump delivers 1140 lbf of ethylene glycol at 20°C in 12 seconds, 
against a head of 17 ft. Calculate the efficiency of the pump. 


Solution: From Table A.3 for ethylene glycol, 9 = 1117 kg/m’ = 2.167 slug/ft®. The 
specific weight is thus y= (2.167)(32.2) = 69.8 Ibf/ft?. We then may calculate the volume 
flow rate: 


_ %& _ (14015f 128) _ | 36 ft 


Q 3 
Y  698ibfifi s 


This gives us enough information to calculate the pump efficiency: 


OH _ (69.8lbf / fi? )(1.36ft /s)\(17 fr) 





P= 6-srpy550 -0 24975 H 7 
ıp £ 


s n n 
Solve for n= Lol = 0.84 or 84% Ans. 
1925 





11.14 A pump delivers gasoline at 20°C and 12 m*/h. At the inlet, pi = 100 kPa, z; = 1 m, 
and V; = 2 m/s. At the exit p2 = 500 kPa, z2 = 4 m, and V2 = 3 m/s. How much power is 
required if the motor efficiency is 75%? 


Solution: For gasoline, take pg ~ 680(9.81) = 6671 N/m*. Compute head and power: 
ig Da, Ve p V? 7, 500000 , BF 100000 (2° 


HZ3 l, 





a 1 rrema arn naa Trma arn naa 


12 
6671| ——- (63.2) 
EY a T Daurar — pgQH 5 Ea 


~ 107A WA Amna 
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11.15 A lawn sprinkler can be used as a simple turbine. As shown in Fig. P11.15, flow 
enters normal to the paper in the center and splits evenly into Q/2 and Vre] leaving each 
nozzle. The arms rotate at angular velocity @ and do work on a shaft. Draw the velocity 
diagram for this turbine. Neglecting friction, find an expression for the power delivered to 
the shaft. Find the rotation rate for which the power is a maximum. 





Va =W 
V, =W-u 
`~- u= 0R 


Fig. P11.15 
Solution: Utilizing the velocity diagram at right, we apply the Euler turbine formula: 
P = pQ, V, -u Va) = PQlu(W -u)-0] 
or: P=pQa@R(V,..—-@R) Ans. 


P = PQ -2u)=0 if = Ans, 


where Prax z pQu(2u = u) = PQR)? 





P11.16 The centrifugal pump in Fig. P11.16 has rı = 15 cm, r2 = 25 cm, bı = b2=6 
cm, and rotates counterclockwise at 600 r/min. A sample blade is shown. Assume @ | 
=90°, Estimate the theoretical flow rate and head produced, for water at 20°C, and 


mpeller 
0° Fig. P11.16 


4. 


comment. 
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Solution: For water, take 9 = 998 kg/m’. For counterclockwise rotation, this is a 
forward-facing impeller, that is, looking at the figure, #, = 150°, not 30°. If @,=90°, 
then VY, = 0. Convert 600 r/min x 27/60 = 62.8 rad/s. Evaluate u: = @r; = (62.8)(0.15) = 
9.425 m/s. Then 


V,, = uy, tan(B,) = (9.425m/s)tan(40°) = 7.91 m/s 
m? gal 
And Q= 2r b |V, |=272(0.15m)(0.06m)(7.91m/s) = 0.447 ®— = 7100 Ë™ Ans. 
s min 


Evaluate u = @ r = (62.8)(0.25) = 15.71 m/s. From Eq. (3.18), the head produced is 


ux u cotpQ _ (15.7)? _ (15.71) cot(150° (0.447) 
g Whbg 2981) 2x(0.25)(0.06)(9.81) 


H 








= 25.15—(-13.15) = 38.3m Ans. 


The water power is P = pgQH = (998)(9.81)(0.447)(38.3) = 168,000 ft-lbf/s =~ 305 hp. 








11.17 A centrifugal pump has d; = 7 in, dz = 13 in, by = 4 in, bz = 3 in, p1 = 25°, and fo = 
40° and rotates at 1160 r/min. If the fluid is gasoline at 20°C and the flow enters the 
blades radially, estimate the theoretical (a) flow rate in gal/min, (b) horsepower, and (c) 
head in ft. 





Solution: For gasoline, take p ~ 1.32 slug/ft?, Compute @ = 1160 rpm = 121.5 rad/s. 


V,, =U, tan B, = 35.4 tan 25° = 16.5 ft/s SEAN TES 
3 Vil = 16.5 ft/s 
=10 Ë aa k 
25° 


`a 


uj = 35.4 ft/s 
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Fig. P11.17 Vn2 = 11.9 ft/s 





Vo uz = 65.8 ft/s 


Finally, Pidea = PQu2Vv2 = 1.32(10.0)(65.8)(51.7) = 44900 + 550 = 82 hp. Ans. (b) 
Theoretical head H = P/(pgQ) = 44900/[1.32(32.2)(10.0)] = 106 ft. Ans. (c) 








11.18 A jet of velocity V strikes a vane EEEE 
which moves to the right at speed Ve, as in Fig. P11.18 
Fig. P11.18. The vane has a turning angle 0. 

Derive an expression for the power deliv- 

ered to the vane by the jet. For what vane 

speed is the power maximum? 


Solution: The jet approaches the vane at relative velocity (V — Vc). Then the force is 


F= pA(V - V-)°(1 — cos@), and Power = FVe = pAVAV - V.)?(1 — cos@) Ans. (a) 
. d 
Maximum power occurs when —— = 0, 


or: V, = ly 


¢ a jet 


Ans. (b) [p = É pAV°[l -cos a 





11.19 A centrifugal water pump has rz = 9 in, bz = 2 in, and J2 = 35° and rotates at 1060 
r/min. If it generates a head of 180 ft, determine the theoretical (a) flow rate in gal/min 
and 

(b) horsepower. Assume near-radial entry flow. 


Solution: For water take p = 1.94 slug/ft?. Convert @= 1060 rpm = 111 rad/s. Then 


ft 
Uy =O -11( 74-833 Z; 
S 


1 a \ n 
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or: P=62.4QH = 1.94Q(83.3)| 83.3 5 cot35° | with H =180 
Solve for Q=7.5 ft*/s = 3360 gal/min Ans. (a) 


With Q and H known, P = pgQH = 62.4(7.5)(180) + 550~ 153 hp. Ans. (b) 





11.20 Suppose that Prob. 11.19 is reversed into a statement of the theoretical power 
P = 153 hp. Can you then compute the theoretical (a) flow rate; and (b) head? Explain 
and resolve the difficulty that arises. 


Solution: With power known, the basic theory becomes quadratic in flow rate: 


) 


ft Q 
u, = 83.3 ee P= pOu 3-2 cot fed 


3 3 
Clean up: Q? —45.8Q+287=0, two roots: Q; =7.5 w, Q, =38.3 m Ans. (a) 


These correspond to H, =180 ft; H, =35 ft Ans. (b) 


So the ideal pump theory admits to two valid combinations of Q and H which, for the 
given geometry and speed, give the theoretical power of 153 hp. Prob. 11.19 was solution 1. 





11.21 The centrifugal pump of Fig. P11.21 develops a flow rate of 4200 gpm with 
gasoline at 20°C and near-radial absolute inflow. Estimate the theoretical (a) horse- 
power; (b) head rise; and (c) appropriate blade angle at the inner radius. 
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Solution: For gasoline take p = 1.32 slug/ft. 


Convert 
Q = 4200 gal/min = 9.36 ft?/s and @ = 1750 rJe” 
rpm = 183 rad/s. Note r2 = 6 in and b2 = Fig. P11.21 


30°. The ideal power is computed as 


P = pQu; | u, -—~— cot B, 4, where u, =@r, = 183| = 91.6 ft/s. Plug in: 


9.36 


ALNAN 


P= 1.32(0.36)(91.6)| 91.6 7 cot 30°| =80400+550=146hp Ans. (a) 


H=- E _ 80400 
pgQ = 1.32(32.2)(9.36) 
Compute Vni = Q/[271r1b1] = 9.36/[27(4/12)(3/12)] = 17.9 ft/s, ur = @r1 = 183(4/12) = 
61.1 ft/s. For purely radial inflow, B, = tan™'(17.9/61.1) = 16°. Ans. (c) 


=202ft Ans. (b) 





11.22 A 37-cm-diameter centrifugal pump, running at 2140 rev/min with water at 20°C 
produces the following performance data: 


Q, ms: 0.0 0.05 0.10 0.15 0.20 0.25 0.30 


H, m: 105 104 102 100 95 85 67 
P, kW: 100 115 135 171 202 228 249 
n: 0% 44% 74% 86% 92% 9% 79% 


(a) Determine the best efficiency point. (b) Plot Cy versus Ca. (c) If we desire to use this 
same pump family to deliver 7000 gal/min of kerosene at 20°C at an input power of 400 kW, 
what pump speed (in rev/min) and impeller size (in cm) are needed? What head will be 
developed? 


Solution: Efficiencies, computed by 7 = pgQH/Power, are listed above. The best 
efficiency point (BEP) is approximately 92% at Q= 0.2 m*/s. Ans. (a) 


The dimensionless coefficients are Cg = Q/(nD?), where n = 2160/60 = 36 rev/s and 
D = 0.37 m, plus Cy = gH/(n?D7) and Cp = P/(p nD), where Pwater = 998 kg/m3. BEP 
values are C =0.111, Ch = 5.35, and CS =0.643. A plot of Cy versus Cg is below. 
The values are similar to Fig. 11.8 of the text. Ans. (b) 
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(c) For kerosene, Px = 804 kg/m?. Convert 7000 gal/min = 0.442 m3/s. At BEP, we 
require the above values of dimensionless parameters: 





442 P 4000 
C2 OS? i — = eee = 0.643; 
nD? nD? pw D? 804r D 
Solve n=26.1 ~~ =1560 ~~; D=0.534m Ans. (c) 
S min 


Also, H*=Cy(n?D* Vg = 5.35(26.1)?(0.534)?/9.81=106m_ Ans. (c) 





P11.23 At what speed, when pumping water, should the 41.5-inch pump of Fig. 
11.7b be tun to realize, at highest efficiency, (a) a head of 100 ft? For this 
condition, what are the resulting (b) flow rate, and (c) brake horsepower? 


Solution: This is the same pump, same fluid, hence pı = p» and Dı = D2. Thus the 


scaling from Eqs. (11.28) is relatively simple. First read the 41.5-inch BEP values as best 
the writer can: 


n=89% ; n,=710 r/min; H, = 270 ft ; Q, = 21500 gal/min ;P, =1650 bhp 


Then get the new rotation rate from the new head, using Eq.(11.28): 





Ai (2) 2 y= 100; = (2), z = 10E = 430—— Ans(a) 
A, n } 270 ft 710 min 


The flow rate and power follow in like manner: 





Ores O r ob ee) Oige = (21500() = 13,000 £ Ans.(b) 
Q, 21500gpm n 710 min 


R_ 
PB 1650bhp 





= ( OT Gy giy , P, = (1650)(0.222) = 370 bhp Ans.(c) 


These numbers are slightly uncertain because of the difficulty of reading Fig. 11.7b. 
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11.24 Figure P11.24 shows performance data for the Taco, Inc., model 4013 pump. 
Compute the ratios of measured shutoff head to the ideal value U?/g for all seven 
impeller sizes. Determine the average and standard deviation of this ratio and compare it 
to the average for the six impellers in Fig. 11.7. 
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Fig. P11.24 Performance data for a centrifugal pump. 
(Courtesy of Taco. Inc., Cranston, Rhode Island.) 


Solution: All seven pumps are run at 1160 rpm = 121 rad/s. The 7 diameters are given. 
Thus we can easily compute U = wr = wD/2 and construct the following table: 
D, inches: 10.0 10.5 11.0 11.5 12.0 12.5 12.95 
U, ft/s: 50.6 53.1 55.7 58.2 60.7 63.3 65.5 
Ho, ft: 44 49 53 61 67 73 80 
Ho/(U?%/g): 0.553 0.559 0.551 0.580 0.585 0.587 0.599 


The average ratio is 0.573 Ans. (a), and the standard deviation is 0.019. Ans. (b) 


For the six pumps of Fig. 11.7, the average is 0.611, the standard deviation is 0.025. 
These results are true of most centrifugal pumps: we can take an average of 0.60 + 0.04. 





11.25 At what speed in rpm should the Solution: A curve-fit formula for H(Q) 
35-in-diameter pump of Fig. 11.7(b) be run for this pump is H(ft) ~ 235 —0.125Q°, 
to produce a head of 400 ft at a discharge of with Q in kgal/min. Then, for constant 
20000 gal/min? What brake horsepower will diameter, the similarity rules predict 

be required? Hint: Fit H(Q) to a formula. 


56 SolutionsManual e Fluid Mechanics, Seventh Edition 








aM Fig. 11.7b 
H,=H,| 2 and 0,=0,| 2, or: H,=400| 4 =235-0.125| 20| == 2| 
1/2 
Solve for gf IES) =980rpm Ans. 


Now backtrack to compute H, = 2/0 ft and Qı = 14500 gal/min. From Fig. 11.7(b) we 
may then read the power P; = 900 bhp (or compute this from 7; = 0.85). Then, by 
similarity, P2 = (n2/n1)? = 900(980/710)? ~ 2400 bhp. Ans. 





P11.26 Would the smallest, or the largest, of the seven Taco Inc. pumps in Fig. P11.24 
be better (a) for producing, near best efficiency, a water flow rate of 600 gal/min and a 
head of 95 ft? (b) At what speed, in r/min, should this pump run? (c) What input power 
is required? 


Solution: First try the smallest pump, D = 10.00 in. Read Fig. P11.24: Q* = 390 
gal/min, H* = 41 ft, mx = 65%. To scale up to 600 gpm, use the similarity rules for 
constant D: 

Q, __600 =- ”2_ _, solve m, =1785r/min 
QO, 390gpm n 1160rpm 








Then Hr Hza = (2 2)? (ee solve H,=97 ft 
H â 4ft n 1160 
Power, = YQĦM _ ee = 12450 = 8f = 22.6hp 
; s 


So the small pump will do the job, using 22.6 hp. Next try the largest pump, D = 12.95 
in. Read Fig. P11.24: Q* = 525 gal/min, H* = 72 ft, Nmax = 80%. Again scale up to 600 
gpm, using the similarity rules at constant diameter: 

Q 600 _ m n, 


z en solve =1325r/mi 
Q, S525gpm nm 1160rpm ERG A 


Then B-t -hyba 


TA L 








y, solve H, =94ft 


So the largest pump is better to do the job, with slower speed and less power. Ans. (a) 
The proper large-pump speed is 1325 r/min. Ans. (b). The power is 17.8 hp. Ans. (c) 
[NOTE that if we specify a different head, like 200 ft, neither pump can do the job.] 


Chapter11 e Turbomachinery 57 





11.27 The 12-in pump of Fig. P11.24 is to be scaled up in size to provide a head of 90 
ft and a flow rate of 1000 gal/min at BEP. Determine the correct (a) impeller diameter; 
(b) speed in rpm; and (c) horsepower required. 


Solution: From the chart, at BEP, Q = 480 gpm, H = 60 ft, and 7) = 76.5%, from which 











p= pgQH a (62.4)(480/449)(60) = 5234 fotbf 
n 0.765 s 
x Q* — 480/449 |. ox _ gH* _ (32.2)(60) 
Oo =a E na ma ~ 00553; Ch = -ana nana ~ SLT 
Larger pump, H =90, Q =1000: 32:20) = 5.17, 1000443. = 0.0553 
Solve for D =1.305 ft =15.7in Ans. (a) and n= 18.15 rps =1090rpm Ans. (b) 
P* = Cépn°D* = 0.373(1.94)(18.15)*(1.305)° ~ 16300 TO s =30bhp Ans. (c) 





11.28 Tests by the Byron Jackson Co. of a 14.62-in centrifugal water pump at 2134 
rpm yield the data below. What is the BEP? What is the specific speed? Estimate the 


maximum discharge possible. 


Q, ft/s: 0 2 4 6 8 10 
H, ft: 340 340 340 330 300 220 
bhp: 135 160 205 255 330 330 


Solution: The efficiencies are computed from 7 = pgQH/(550 bhp) and are as follows: 


Q: 0 2 4 6 8 10 
n: 0 0.482 0.753 0.881 0.825 0.756 


Thus the BEP is, even without a plot, close to Q = 6 ft?/s. Ans. The specific speed is 


1/2 1/2 
N, = nQ 2 OC = 1430 Ans. 


s == BA seats 





58 SolutionsManual ¢ Fluid Mechanics, Seventh Edition 


For estimating Qmax, the last three points fit a Power-law to within +0.5%: 


3 
H = 340—0.00168Q** =0 if Q~=12.4 t Quma ANS. 





11.29 Ifthe scaling laws are applied to the Byron Jackson pump of Prob. 11.28 for the 
same impeller diameter, determine (a) the speed for which the shut-off head will be 280 ft; 
(b) the speed for which the BEP flow rate will be 8.0 ft?/s; and (c) the speed for which 
the BEP conditions will require 80 horsepower. 


Solution: From the table in Prob. 11.28, the shut-off head at 2134 rpm is 340 ft. Thus 
If D,=D,, n, =n,(H,/H,)'’” =2134(280/340)'” = 1940rpm Ans. (a) 


2 
If Q#=8 Ë, n, =n,(Q#/Q*)=2134(8.0/6.0) = 2850rpm Ans. (b) 


Finally, if p1 = p2 (water) and the diameters are the same, then Power œ n, or, at BEP, 
n, =n, (P*/P*)'? = 2134(80/255)'? = 1450rpm Ans. (c) 





P11.30 A pump, geometrically similar to the 38-in-diameter model in Fig. 11.76, has 
a diameter of 24 in and is to develop 300 bhp at BEP when pumping gasoline (not water). 
Determine (a) the appropriate speed, in r/min; (b) the BEP head; and (c) the BEP flow rate. 


Solution: For water, pı = 1.94 slug.ft’. For gasoline, from Table A.3, 02 = 680 kg/m? = 
1.32 slug.ft?. From Fig. 11.7a, read, as best you can, the BEP properties: 


P = 1250 bhp ; Q = 20,000 gal/min ; H, = 225 ft; m = 710 rpm 


(a) With the BEP power and the diameter known, the power ratio yields the speed: 


P, — 300bhp 


D: 1.32. n 24in 
25 = (5I >( 
P 1250bhp 


yo, or 
D; 1.94710" 38in 





= (Ë ( 
A mY 


(.91E-10) n3 = 024, solve nm, = 1080—— Ans.(a) 
min 
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(b, c) With m known, the head and flow rate at BEP follow from the scaling laws: 








H, Hy m 2, D2 1080.9 24.9 

= , H, = (225)(0.923) = 208ft Ans.(b 
H, 7225 fi CS ( y = Cag ae 2 = (225)(0.923) ft Ans.(b) 
O_O = 2 p 2% = (1080.24; Q> = (20000)(0.383) = 7,700 gal Ans.(c) 
Q, 20,000gpm nm D 710° 38 min 


These answers have a slight uncertainty due to the difficulty of reading Fig. 11.7). 





11.31 A centrifugal pump with backward-curved blades has the following measured 
performance when tested with water at 20°C: 


Q, gal/min: 0 400 800 1200 1600 2000 2400 
A, ft: 123 115 108 101 93 81 62 
P, hp: 30 36 40 44 47 48 46 
(a) Estimate the best efficiency point and the maximum efficiency. (b) Estimate the most 


efficient flow rate, and the resulting head and brake horsepower, if the diameter is 
doubled and the rotation speed increased by 50%. 


Solution: (a) Convert the data above into efficiency. For example, at Q = 400 gal/min, 


_ YOH _ (62.4 Ibf/ft? )(400/448.8 aA) 15 ft) 


IAT PRR ea 


= 0.32 = 32% 


When converted, the efficiency table looks like this: 


Q, gal/min: 0 400 800 1200 1600 2000 2400 
n, P: 0 32% 55% 710% 80% 85% 82% 


So maximum efficiency of 85% occurs at Q = 2000 gal/min. Ans. (a) 


(b) We don’t know the values of c or Cr or C*, but we can set them equal for 
conditions 1 (the data above) and 2 (the performance when n and D are changed): 
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Ct = Q = Q = Q 
mD? mD} (1.5m (2D, ” 


Cre 8H, _ gH, _ gH, 
HT E oe, > 
nD; D} (.5n,)°(2D,)° 








Cc = P 5 P, oes. P, 2 
È 3m5 35 3 5? 
pn, D> = pn,D; ~~ p(.5n,)(2D,) 





11.32 The data of Prob. 11.31 correspond to a pump speed of 1200 r/min. (Were you 
able to solve Prob. 11.31 without this knowledge?) (a) Estimate the diameter of the 
impeller [HJNT: See Prob. 11.24 for a clue.]. (b) Using your estimate from part (a), 
calculate the BEP parameters Ci. C% and ep and compare with Eq. (11.27). (c) For what 
speed of this pump would the BEP head be 280 ft? 


Solution: Yes, we were able to solve Prob. 11.31 by simply using ratios. 
(a) Prob. 11.24 showed that, for a wide range of centrifugal pumps, the shut-off head 
Ho = 0.6U°/g + 6%, where U is the impeller blade tip velocity, U = @D/2. Use this 
estimate with the shut-off head and speed of the pump in Prob. 11.31: 
@=27(1200 rpm)/60 =126 rad/s, H, ~ 123 ft = 0.6[(126D/2)°/32.2 ft/s” | 
Solve for D#=1.29 ft=15.5in Ans. (a) 


(b) With diameter D = 1.29 ft estimated and speed n = 1200/60 = 20 r/s given, we can 
calculate: 


37, ft/s? 
ct “3 Sen m -= 0.47 Ans. (b) 
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(c) Use the estimate of G to estimate the speed needed to produce 280 ft of head: 


_ (32.2 ft/s”)(280 ft) 
ae 


(ep =3.9 eens solve for n=37 r/s = 2230 r/min Ans. (c) 





11.33 In Prob. P11.31, the pump BEP flow rate is 2000 gal/min, the impeller diameter 
is 16 in, and the speed is 1200 r/min. Scale this pump with the similarity rules to find (a) 
the diameter and (b) the speed that will deliver a BEP water flow rate of 4000 gal/min 
and a head of 180 ft. (c) What brake horsepower will be required for this new condition? 


Solution: Take the specific weight of water to be y= 62.4 Ibf/ft®. Find the efficiency: 


3 3 
pams yQ h, _ (62.4lbf if (2000 1448.8 FINIM e a 





Meanwhile use the scaling laws for BEP flow rate and head: 
Q _ 2000 — Q, _ 4000 
nD? (120016? n, D} mD} 
gH, _ (32.2X(81) _ gH, _ (32.2)(180) 
nD; (120046? nD; n;D; 
Solve simultaneously for D2 = 18.5 in Ans.(a) and n= 1540 r/min Ans.(b). 








(c) Finally, determine the required horsepower (which we could have done above, using 


m): 





P, = YVQH, _ (62.4(4000/448.8180) 11g ooo +550= 214 hp Ans.(c) 


m 0.853 s 





11.34 Consider a pump geometrically similar to the 9-in-diameter pump of Fig. P11.34 
to deliver 1200 gal/min of kerosene at 1500 rpm. Determine the appropriate (a) impeller 
diameter; (b) BEP horsepower; (c) shut-off head; and (d) maximum efficiency. 
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Fig. P11.34 Performance data for a family of centrifugal pump impellers. 
(Courtesy of Taco, Inc., Cranston, Rhode Island.) 


Solution: For kerosene, take p ~ 1.56 slug/ft?, whereas for water p ~ 1.94 slug/ft?. 
From Fig. P11.34, at BEP, read Q* = 675 gpm, H* = 76 ft, and max = 0.77. Then 











ce Ot GT5IAAS sy. 120/449 
2 aD? (1760/60)(9/12) ` (1500/60)D? ` 
aps te sH, O 32ABA 32.2H, l 
nD" (1760/60) (9/12)? (1500/60) (0.96)? 
l=m (90) i 
Moody: =| —4 , solve for 7, ~ 0.784 =78% Ans. (d) (crude estimate) 
1-0.77 (11.57 


32.2(76) 32.2 Hy 


new, 


Fig. P11.34: Read H* = 76 ft, whence —— ~~ = 5 Ji 
(29.3)°(0.75)° (25) (0.96) 


Then Př, = eee = 15440 tebr +550 =28 bhp Ans. (b) 
s s 
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11.35 An 18-in-diameter centrifugal pump, running at 880 rev/min with water at 20°C, 
generates the following performance data: 


Q, gal/min: 0.0 2000 4000 6000 8000 10000 


H, ft: 92 89 84 78 68 50 
P, hp: 100 112 130 143 156 163 
n: 0% 40% 65% 83% 88% 78% 


Determine (a) the BEP; (b) the maximum efficiency; and (c) the specific speed. (d) Plot 
the required input power versus the flow rate. 


Solution: We have computed the efficiencies and listed them. The BEP is the next- 
to-last point: Q = 8000 gal/min, mmax = 88%. Ans. (a, b) The specific speed is 
N’s = nQ*!?/(gH*)>4 = (880/60)(8000/448.83)/7/[32.2(68)]°4 = 0.193, or Ns = 3320 
(probably a centrifugal pump). Ans. (c) 

The plot of input horsepower versus flow rate is shown below—there are no surprises 
in this plot. Ans. (d) 














E 
S 
z 
a 
v 
g 
Q 
= 
0 2000 4000 6000 8000 10000 
Q, gal/min 





P11.36 The pump of Prob. P11.35 has a maximum efficiency of 88% at 8000 gal/min. 
(a) Can we use this pump, at the same diameter but a different speed, to generate a BEP head 
of 150 ft and a BEP flow rate of 10,000 gal/min? (b) If not, what diameter is appropriate? 
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Solution: We are still pumping water, p = 1.94 slug/ft*. Try scaling laws for head and then for 
flow: 


3 
H, = 68 ft; Q = 8000 £% =17.8 ; B =156bhp ; D =1.5fi ; m=880rpm =14.7 Č 
min S S 





D,=D>: = 2 nm = 21.85 = 1307 — (from the head 
1O 2 H 68 a7 2 s ath ) 
D =D,: Q 1090057 %2 ys, m= 18.3 = 1100 — (from the flow rate) 


Q, 8000 14.7 ° s min 


These rotation rates are not the same. Therefore we must change the diameter. Ans.(a) 
(b) Allow for a different diameter in both head and flow rate scaling: 








H 150 ft D. n D, 
2 = Lo ahy (—2_) (=. , or: m D3 = 1068 
Hy 68 ft m Dd, 14.67r/s 1.5 ft 
D D 
a UER a 23 = (2 _y 2-3 | or: m D3 = 61.88 
Q, 8,000 gpm D, 14.67 1.5 fi 
Solve simultaneously to obtain 
m = 16.0 r/s = 960rpm ; D, = 2.04ft = 24.5 inches Ans.(b) 


The power required increases to 380 bhp. 





11.37 Consider the two pumps of Problems P11.28 and P11.35, respectively. If the 
diameters are not changed, which is more efficient for delivering water at 3000 gal/min 
and a head of 400 ft? What is the appropriate rotation speed for the better pump? 


Solution: Unless we are brilliant, what can we do but try them both? The scaling law 
for constant diameter states that Q is proportional to n, and H is proportional to n?. The 
pump of Prob. P11.28 has BEP at Q* = 6 ftè/s and H* = 330 ft. Scale from there: 





Q, _ 3000 =) n, = Ny e Solve Ny = 2380 r/min 
Q, 6x448.83 n  2134r/min 
H, 2380 


Ny \2 
i = = , Solve H,~410 ft 
H, at Ge Gra one Oe fi 


It seems that the Prob. P11.28 pump can do the job quite well. Answer. 
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Try the Prob. P11.35 pump, whose BEP is at Q* = 8000 gal/min and H* = 68 ft. Then 


LL oe ee Solve — n, = 330 r/min 
Q, 8000 n 880r/min 


Tr rr nnan 


This is not just worse, it is ridiculous — too slow, almost no head, totally inefficient. 





11.38 A 6.85-in pump, running at 3500 rpm, has the measured performance at right for 
water at 20°C. (a) Estimate the horsepower at BEP. If this pump is rescaled in water to 
provide 20 bhp at 3000 rpm, determine the appropriate (b) impeller diameter; (c) flow 
rate; and (d) efficiency for this new condition. 

Q, gal/min: 50 100 150 200 250 300 350 400 450 

H, ft: 201 200 198 194 189 181 169 156 139 


n, P: 29 50 64 12 71 80 81 79 74 


Solution: The BEP of 81% is at about Q = 350 gpm and H = 169 ft. Hence the power is 


P* =10150 —— +550 =18.5 bhp Ans. (a) 


not 


pgQ*H* — 62.4(350/449)(169) fttbf 


If the new conditions are 20 hp at n = 3000 rpm = 50 rps, we equate power coefficients: 
10150 ? 20x550 
1.94(3500/60)°(6.85/12)° 1.94(50)°D®’ 





C= 


With diameter known, the flow rate is computed from BEP flow coefficient: 


ee ee gone 2 


nD? (3500/60)(6.85/12)° 50(0.636)° ” 


Solve Q*=0.926 ft/s = 415 gal/min Ans. (c) 
Finally, since D; = D2, we can assume the same maximum efficiency: 81%. Ans. (d) 
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11.39 The Allis-Chalmers D30LR centrifugal compressor delivers 33,000 ft?/min of 
SQ> with a pressure change from 14.0 to 18.0 Ibf/in? absolute using an 800-hp motor at 
3550 r/min. What is the overall efficiency? What will the flow rate and Ap be at 3000 r/min? 
Estimate the diameter of the impeller. 


Solution: For SO2, take M = 64.06, hence R = 49720/64.06 = 776 ft-lbf/(slug-°R). Then 
33000 : 
Ap = (18—-14)(44) = 576 psf, Power = QAp = 576 —— 4+ 550 = 576 hp delivered 


Then n= = 576/800 = 72% Ans. (a) 


Puctiverea/P, motor 


3 
3000), = 27900 — g — Ans. (b) 


Fen 





If n, =3000 rpm, Q, = gluh 33000 2 


2 
Ap, = Ap, (n/n)? =(4 psi{ 3200 } = 2.86 psi Ans. (c) 





To estimate impeller diameter, we have little to go on except the specific speed: 


_ 16044) _ slug y= AP 40%) 3139 6 


avg ATLL ENN i 03 a NA ANETTA AN 








1/2 1/2 
Mepa OONO a Pie Pia Cedas 


S Hf" (8133) 


Crudely, C% = 0.45 = 5323000/690.. solve for D 


sarenim? ’ impeller 


= 2.7 ft Ans. (d) 


Clearly this last part depends upon the ingenuity and resourcefulness of the student. 





11.40 The specific speed Ns, as defined by Eq. (11.30), does not contain the impeller 
diameter. How then should we size the pump for a given Ns? Logan [7] suggests a 
parameter called the specific diameter Ds, which is a dimensionless combination of Q, 
(gH), and D. (a) If Ds is proportional to D, determine its form. (b) What is the 
relationship, if any, of Ds to Co*, Cy, and Cp=? (c) Estimate Ds for the two pumps of 
Figs. 11.8 and 11.13. 
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Solution: If we combine Cg and Cy in such a way as to eliminate speed n, and also to 
make the result linearly proportional to D, we obtain Logan’s result: 


D(gH*)"4 cË 14 
1 H 
sT nsl 


“a AnS. (b) 


Specific diameter D Ans. (a) D, = 


(c) For the pumps of Figs. 11.8 and 11.13, we obtain 


(5.0) (1.07)"" 
Dy Fig18 = Tyee = 441; Dy pig.tta3 = wm =1.37 Ans. (c) 





11.41 It is desired to build a centrifugal pump geometrically similar to Prob. 11.28 
(data below) to deliver 6500 gal/min of gasoline at 1060 rpm. Estimate the resulting (a) 
impel-ler diameter; (b) head; (c) brake horsepower; and (d) maximum efficiency. 


Q, ft?/s: 0 2 4 6 8 10 
H, ft: 340 340 340 330 300 220 
bhp: 135 160 205 255 330 330 


Solution: For gasoline, take p ~ 1.32 slug/ft?. From Prob. 11.28, BEP occurs at Q* = 
6 ft3/s, Nmax ~ 0.88. The data above are for n = 2134 rpm = 35.6 rps and D = 14.62 in. 








Then Ch =——©9 ___9.99332_6500449 _ 
35.6(14.62/12) (1060/60)D 
a 5 OO 2 pepe l a r a A 
(35.6) (14.62/12) (1060/60) (2.06) 


Step-up the efficiency with Moody’s correlation, Eq. (11.29a), for Dı = 14.62/12 = 1.22 ft: 


som (ay (12 


1⁄4 
=0.877, solve for 7, = 0.895 








ite Be psQ:H; _ 1.32(32.2)(6500/449)(233) 


NA OAZ 


=160200 +550 = 290 bhp Ans. (c) 
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11.42 An 8-inch model pump delivering water at 180°F at 800 gal/min and 2400 rpm 
begins to cavitate when the inlet pressure and velocity are 12 psia and 20 ft/s, respectively. 
Find the required NPSH of a prototype which is 4 times larger and runs at 1000 rpm. 


Solution: For water at 180°F, take pg ~ 60.6 lbf/ft? and py ~ 1600 psfa. From Eq. 11.19, 


i 
model a Inar NIAAA 


= 2 =! 2 
NPSH Pi Py, _ 12144) 1600 | (20) L 


N 


Similarity: NPSH 


proto 
m r 


2 2 2 
_npsu, (22) (Pe) <g32(10Y (4) 23t Ans 
Nm J (Dm J 24007 (17 





11.43 The 2-in-diameter pump in Fig. 11.7a at 1170 r/min is used to pump water at 20°C 
through a piping system at 14,000 gal/min. (a) Determine the required brake horsepower. 
The average friction factor is 0.018. (b) If there is 65 ft of 12-in-diameter pipe upstream 
of the pump, how far below the surface should the pump inlet be placed to avoid 
cavitation? 
































US. gallons per minute x 1000 


Fig. 11.7a 


Solution: For water at 20°F, take pg ~ 62.4 Ibf/ft? and py ~ 49 psfa. From Fig. 11.7a 
(above), at 28” and 14000 gpm, read H = 320 ft, 7 = 0.81, and P = 1400 bhp. Ans. 


Or: Required bhp = = 769000 +550 = 1400 bhp Ans. 





PgQH _ (62.4)(14000/449)(320) 


no. 


From the figure, at 14000 gal/min, read NPSH = 25 ft. Assuming pa = 1 atm = 2116 psf, 


= =~ 2 
fq 1120: Nes = Pe Pe 7 =p, AO 7 hoe, hy ore, 
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11.44 The pump of Prob. 11.28 is scaled up to an 18-in-diameter, operating in water at 
BEP at 1760 rpm. The measured NPSH is 16 ft, and the friction loss between the inlet 
and the pump is 22 ft. Will it be sufficient to avoid cavitation if the pump inlet is placed 
9 ft below the surface of a sea-level reservoir? 


Solution: For water at 20°C, take pg = 62.4 Ibf/ft? and py = 49 psfa. Since the NPSH is 
given, there is no need to use the similarity laws. Merely apply Eq. 11.20: 


NPSH<P2=Pv 7 be, on, Z, 5 Om 99 16 =-4.9 ft, OK, 
pg 62.4 
Zactual = —9 ft Ans. 


This works. Putting the inlet 9 ft below the surface gives 4 ft of margin against cavitation. 





11.45 Determine the specific speeds of the seven Taco, Inc. pump impellers in Fig. P11.24. 
Are they appropriate for centrifugal designs? Are they approximately equal within 
experimental uncertainty? If not, why not? 


Solution: Read the BEP values for each impeller and make a little table for 1160 rpm: 


D, inches: 10.0 10.5 11.0 11.5 120 12.5 12.95 
Q*, gal/min: 390 420 440 460 480 510 530 
H*, ft: 41 44 49 56 60 66 72 


Specific speed Ns: 1414 1392 1314 1215 1179 1131 1080 


These are well within the centrifugal-pump range (Ns < 4000) but they are not equal because 
they are not geometrically similar (7 different impellers within a single housing). Ans. 
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11.46 The answer to Prob. 11.40 is that the dimensionless “specific diameter” takes the 
form D; = D(gH*)!4/Q#!2, evaluated at the BEP. Data collected by the writer for 30 
different pumps indicates, in Fig. P11.46, that Ds correlates well with specific speed Ns. 
Use this figure to estimate the appropriate impeller diameter for a pump which delivers 
20,000 gal/min of water and a head of 400 ft running at 1200 rev/min. Suggest a curve-fit 
formula to the data (Hint: a hyperbola). 











Data from 30 different pump designs | _| 


| 
D, : wa | 
| 




















a u m 

ep -t T 

500 1000 1500 2000 2500 3000 3500 
N 


s 
Fig. P11.46 
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Solution: We see that the data are very well correlated by a single curve. (NOTE: These 
are all centrifugal pumps—a slightly different correlation holds for mixed- and axial- 
flow pumps.) The data are well fit by a hyperbola: 


Figure P11.46: D, » Const here Consi = 7800 £500: Ani; 


NT 





For the given pump-data example, we compute 


N 


«12 2 
_ (rpm gamin) = 1200(20000) =1897, 


S rr toad panna 


1⁄4 
7800 aie D[32.2(400)] 


1007 pannnniaaa awalh? 


solve D=2.6+0.1 ft Ans. 





Hence D, = 





P11.47 A pump must be designed to deliver 6 m*/s of water against a head of 28 m. 
The specified shaft speed is 20 r/s. What type of pump do you recommend? 


Solution: Change units to suit the practicing-engineer version of specific speed: 6 m*/s = 
95,100 gal/min, 20 r/s = 1200 r/min, and 28 m = 91.9 ft. Then the specific speed is 


N = (rpm)(gpm)'/? _ (1200 rpm)(95100gpm)!/2 
s H- ft (91.904 
From Fig. 11.11a, an axial-flow pump is appropriate for this job. Ans. 


= 12,500 





11.48 A commercial pump runs at 1750 r/min and delivers, near BEP, a flow of 2300 
gal/min and a head of 40 m. (a) What type of pump is this? (b) Estimate the impeller 
diameter using the data of Prob. P11.46. (c) Estimate Co* and add another data point to 
Fig. P11.49. 


Solution: (a) To find the type of pump from Fig. 11.11, we need the head in feet: H = 
40 m = 131 ft. Then we can calculate the traditional (dimensional) specific speed: 
_ (rpm)(gpm)''* _ (1750 rpm)(2300 gpm)'!” 


ewer exrx2I4 pa n 314 


= 2170 





Ns 


From Fig. 11.11, this is a centrifugal pump. Ans. (a) 


(b) Use Fig. P11.46 to estimate the specific diameter and hence the impeller diameter. 
The curve-fit recommended in the solution to Prob. P11.46 is 
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“> Ny 2170 Ql? (2300/448.8 ft/s)? 


The accuracy is unusually good, not typical. The actual impeller diameter was 12 inches! 
(c) Calculate the flow coefficient, which we are told is near BEP: 


= 0.17 





» QO* (2300/448.8 ft? /s) 
Co = = oa 


n3 arene a nan 7x3 


Add this point to Fig. P11.49 at Ns= 2170 and we have an excellent fit to the other data. 





11.49 Data collected by the writer for flow S Ns 

coefficient at BEP for 30 different pumps are Fig. eae es = PETON 
plotted at right in Fig. P11.49. Determine if pe 

the values of Ch fit this correlation for the 

pumps of Problems P11.24, P11.28, P11.35, 

and P11.38. If so, suggest a curve fit 

formula. 


Solution: Make a table of these values: 


Q*,gpm D,inches n, rpm Ns Ce = Q*/(nD*) 


Prob. 11.28: 2692 14.62 2134 1430 0.0933 
Prob. 11.35: 8000 18.0 880 3320 0.360 
Prob. 11.38: 350 6.85 3500 1400 0.0719 
Fig. P11.24: 460 11.5 1160 1215 0.0602 
Ans. 


When added to the plot shown below, all four data points seem to fit quite well. The data 
are useful for predicting general centrifugal-pump behavior and are well fit to either a 
2nd-order polynomial or a single-term Power-law slightly less than parabolic: 


Polynomial: Cé ~ 1.97E-SNg +2.58E-8Ng 
. oa (Correlation R* ~0.99) Ans. 
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11.50 Data collected by the writer for Ms 

power coefficient at BEP for 30 different Fig. P11.50 Power ee at BEP for 
pumps are plotted at right in Fig. P11.50. POSNER MEP one 
Determine if the values of C4 for the 

FOUR pumps of Prob. 11.49 above fit this 

correlation. 

Solution: Make a table of these values, 

similar to Prob. 11.50: 


P*, bhp D,inches 7, rpm Ns C* = P*/(pn°D*) 


Prob. 11.28: 255 14.62 2134 1430 0.600 

Prob. 11.35: 156 18.0 880 3320 1.85 

Prob. 11.38: 18.5 6.85 3500 1400 0.435 

Fig. P11.24: 8.7 11.5 1160 1215 0.421 Ans. 


When added to the plot shown below, all four of them seem to fit reasonably well. The 
data are moderately useful for predicting general centrifugal-pump behavior and can be 
fit to either a 2nd-order polynomial or a single-term Power-law: 


Polynomial: C3 = 2.12E-4N, +9.5E-8N? . 5 
k © (poorer correlation, R = 0.96) Ans. 


e 
rt 
— 


0 500 1000 1500 2000 Ns 2500 3000 3500 








11.51 An axial-flow pump delivers 40 ft?/s of air which enters at 20°C and 1 atm. The 
flow passage has a 10-in outer radius and an 8-in inner radius. Blade angles are a = 60° 
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and £2 = 70°, and the rotor runs at 1800 rpm. For the first stage, compute (a) the head 
rise; and (b) the power required. 


Solution: Assume an average radius of (8 + 10)/2 = 9 inches and compute the blade speed: 


3 i, 
u =a [180A 2 Jeti t wets 40 ft/s -=50.9 ft 


avg ranna? mana? 








Theory: gH = u? — uVn(cot œ + cot B2) = (141)? — 141(50.9)(cot60° + cot70°), 
H=410ft Ans. (a) 


211 
Prrcory = P2QH = [| 2446 _|¢32.2y¢40.410) =1232+550~ 2.24 hp Ans. (b) 





11.52. An axial-flow fan operates in sea- 
level air at 1200 r/min and has a blade-tip 
diameter of 1 m and a root diameter of 80 cm. 
The inlet angles are a = 55° and fj) = 30°, 
while at the outlet f = 60°. Estimate the ja ve > 
theoretical values of the (a) flow rate, Fig. P11.52 

(b) horse-power, and (c) outlet angle a. f 





Solution: For air, take p = 1.205 kg/m?. 
The average radius is 0.45 m. Thus 





u=aR= [1200 a Joss = 56.6 ™ = V, (cot æ + cot B,) = V,,(cot a, +cot B,) 
S 


Salve: Were, = — -232 ™ and o =28.3° Ans. (c) 


cot 55° + cot 30° s 





3 
Then Q=V,A =(23.2)[2{ (0.5)? —(0.4)°}] = 6.56 Ans. (a) 


gH =u’ -uV, (cota, +cot B,) = (56.6)” — 56.6(23.2)(cot 55° + cot 60°) = 1520 m*/s” 


Finally, P= pQgH =1.205(6.56)(1520) = 12,000 W Ans. (b) 





11.53 Figure P11.46 is an example of a centrifugal pump correlation, where Ds is 
defined in the problem. Logan [3] suggests the following correlation for axial-flow 
pumps and fans: 

130 


Dy = — o5 for Ns > 8000 
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where Ns is the dimensional specific speed, Eq. (11.30b). Use this correlation to find the 
appropriate size for a fan that delivers 24,000 ft3/min of air at sea-level conditions when 
running at 1620 r/min with a pressure rise of 2 inches of water. [HINT: Express the fan 
head in feet of air, not feet of water.] 


Solution: At sea level, take pair = 1.2255 kg/m? = 0.00238 slug/ft®. Convert Q = 24,000 
ft?/min = 400 ft?/s = 175,900 gal/min and n = 1620 r/min = 27 r/s. Convert the head H 
into feet of air: 
3 p . 
H, = AP = Puaer8Ahuaer _ Astue / NLA ONA 136 6 of air 


air 





In nnananan r 1 ao3rsrnnaanani 


Now compute the dimensional specific speed of the fan: 


_ (rpm)(gal/min)'? _ (1620)(175,900)'/* 


na nila ranan 


Ng =17060 (yes, axial flow) 





Finally, use Logan’s correlation to find the specific diameter and hence the fan size: 








130 D(gH)'"* — D[(2.2 ft/s*)36 fp)" 
Ds = 0485 o5 m2 ` 3y A2 
(17060) Q (400 ft? /s) 
P11.54 It is desired to pump 50 ft’/s of water at a speed of 22 r/s, against a head of 


80 ft. (a) What type of pump would you recommend? Estimate (b) the required 
impeller diameter and (c) the brake horsepower. 


Solution: Convert to English units and evaluate the specific speed: 





3 
Q =50f = 22,440 gal > n=22" = 1320 rpm ; H = 80 ft (OK) 
S min S 


N = (rpm)(gal / min)!!” z (1320rpm)(22440 gpm)? 


= 7400 
(H = fP’ (80.04 





76 SolutionsManual e Fluid Mechanics, Seventh Edition 
From Fig. 11.11a, this pump should have a mixed-flow impeller. Ans.(a) 


(b) The writer estimated impeller diameter from the “specific diameter” correlation in Prob. 
11.53: 





1/4 1/4 
BO Uni au = oe E s 7 a ER 
Q GOP 1s) N2485 (7400)% 
7.07 


L 


Solve Dinpetier ZUID = 1.72 ft = 20.6 inches Ans.(b) 


(c) According to Fig. 11.11a, a really good mixed-flow impeller, Ns = 7400, would have an 
efficiency of about 92 per cent. Thus we can estimate the power required: 


3 3 
Pu = YE ~ OAS f KOR IMD L 271 000 ZPE 493 bhp Anso) 


nget n 0.92 s 





P11.55 Suppose that the axial-flow pump of Fig. 11.13, with D = 18 in, runs at 1800 
r/min. (a) Could it efficiently pump 25,000 gal/min of water? (b) If so, what head would 
result? (c) Ifa head of 120 ft is desired, what values of D and n would be better? 


Solution: Convert n = 1800 r/min = 30 r/s. The flow coefficient at BEP is approximately 
0.55. Check this against the data: 


3 
Co = Q = (25000/449 fi /s) = 0.55 (Yes, this isat BEP) Ans.(a) 


nD? (30r/s)(1.5 fi) 





(b) Since we are at BEP, we can use the BEP head coefficient to get H: 


Cys = 1.07 = — = oe ; Solve H ~ 67ft — Ans.(b) 
nD (30) (1.5) 

(c) For D = 18 in, H = 120 ft is far off BEP, Cy = 1.9, efficiency only 40 per cent. So let 

diameter be unknown and set both head and flow coefficients equal to BEP values: 
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(25000/449 fP / s) Cye = 1.07 = (32.2)(120 ff) 


C, eo Se 0.55 = 
Q nD? n2 D? 





Solve simultaneously for n = 46.3 “= 2780 = , D=1.30 ft=15.6in Ans.(c) 
s min 





11.56 A pump is needed to deliver 40,000 gpm of gasoline at 20°C against a head of 90 ft. 
Find the impeller size, speed, and brake horsepower needed to use the pump families of 
(a) Fig. 11.8; and (b) Fig. 11.13. Which is the better design? 


Solution: For gasoline, take p = 1.32 slug/ft?. 


40000/449 32.2(90) 


(a) For the centrifugal design, Cg = 0.115 = g and Cy =5.0=——-, 


Solve for n=4.24rps=255rpm and D =5.67ft Ans. (a) 


impeller 


P* = Céon?D° = 0.65(1.32)(4.24)°(5.67)° +550 = 700bhp Ans. (a) 
(b) For the axial-flow design, Fig. 11.13, 


an Ct =1.07= 22.200) 
n n 





C0552 


P* = C% pn? D? =0.70(1.32)(29.5)° (1.76) +550 =740 bhp Ans. (b) 
The axial-flow design (b) is far better for this system: smaller and faster. Ans. 





11.57 Performance data for a 21-in-diameter air blower running at 3550 rpm are shown 
below. What iguhe specific speed? How does the performance compare with Fig. 11.13? 
What are “Q? E> P9 


Ap, in H20: 29 30 28 21 10 
Q, ft/min: 500 1000 2000 3000 400 
0 


bhp: 6 8 12 18 25 
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Solution: Assume 1|-atm air, p ~ 0.00233 slug/ft?. Convert the data to dimensionless 
form and put the results into a table: 


Ap, psf: 151 156 146 109 52 
Q, ft/min: 500 1000 2000 3000 4000 
Q, gal/min: 3740 7480 14960 22440 29920 
H, ft (of air): 2010 2080 1940 1455 693 
Ca: 0.0263 0.0526 0.105 0.158 0.210 
Cy: 6.04 6.25 5.83 4.37 2.08 
Cp: 0.417 0.555 0.833 1.25 1.74 
n: 0.381 0.592 0.735 0.552 0.251 


Close enough without plotting: C% = 0.105, C} = 5.83, C$ = 0.833 Ans. 


1/2 
Specific speed N, = 43330.FP Ce ep) = =1485 Ans. 


sanan eV 


This centrifugal pump is very similar to the dimensionless data of Fig. 11.8. Ans. 





P11.58 Aircraft propeller specialists claim that dimensionless propeller data, when 
plotted as (Cr/J*) versus (Cp/J*), form a nearly straight line, y = mx + b. (a) Test this 
hypothesis for the data of Fig. 11.16, in the high-efficiency range J = V/(nD) equal to 0.6, 
0.7, and 0.8. (5) If successful, use this straight line to predict the rotation rate n, in r/min, 
for a propeller with D = 5 ft, P = 30 hp, T= 95 Ibf, and V= 95 mi/h, for sea-level standard 
conditions. Comment. 


Solution: For sea-level air, take p = 0.00237 slug/ft’. The writer read Fig. 11.16 as best 
he could and came up with the following data, rewritten in the desired form: 





























J Cr Cp Cr/JA2 Cr/J^2 
0.6 0.055 0.042 0.1167 0.1528 
0.7 0.040 0.035 0.0714 0.0816 
0.8 0.023 0.023 0.0359 0.0359 





The plot is, sure enough, reasonably linear: 
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0.18 - 
0.16 = 
0414 y = 1.453x - 0.0184 
0.12 
0.10 4Cr)? 
0.08 +— 
0.06 
0.04 
0.02 
0.00 r r r r r 
0.00 0.02 0.04 0.06 0.08 0.10 0.12 






























Cp/J? 























The specialists were correct; this propeller data fits the simple formula 


P 


Or Be te, ~ 1.4532) -0.0184 = 1.453(——,) - 0.0184 
J panD? yV 


J pp’y? 


We have all the data except n. Convert to BG units: 95 mi/h = 139 ft/s and 30 hp = 
16,500 ft-Ibf/s. Put these values into our straight-line formula: 





22 = —— = 1453 zo —] - 0.0184 , 
(0.00237)(5.0) (139) (0.00237) n (5.0)3 (139) 
or: 0.0826 = 417 pied: Ge a ee — Ans. 
n 0.101 S min 


This is reasonably accurate and close to maximum efficiency, V/nD = 0.68. However, 
beware! This clever correlation has reduced the propeller data from three variables (Cr, 
Cp, and V/nD) to only two (Cr/J° and Cp/J°), without any theoretical justification. Thus, 
information is lost. Do not use this straight line as a general problem solver. It will fail 
miserably if fed with data that does not match the conditions in Fig. 11.16. 





11.59 Suppose it is desired to deliver 700 ft/min of propane gas (molecular weight = 
44.06) at 1 atm and 20°C with a single-stage pressure rise of 8.0 in H20. Determine the 
appropriate size and speed for using the pump families of (a) Prob. 11.57 and (b) Fig. 11.13. 
Which is the better design? 
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Solution: For propane, with M = 44.06, the gas constant R = 49720/44.06 = 
1128 ft-Ibf/(slug-°R). Convert Ap = 8 inH2O = (62.4)(8/12) = 41.6 psf. The propane 
density and head rise are 





PL 2116 psf = 0.00355 e 
RT 1128(528) ft 
= 41.6 
pam 0.00355(32.2) 


7 2.2(364 
00/69 and C} = 5.83 = an 


Pras = 


Hence H = 364 ft propane 





(a) Prob. 11.57: Co =0.105= 


n3 n2 


Solve for n=28.5rps=1710rpm and D#=1.57ft Ans.(a) (centrifugal pump) 


(b) Fig. 11.13: C% =0.55 and Cy =1.07 yield 
n=14000rpm, D=0.45ft Ans. (b) (axial flow) 


The centrifugal pump (a) is the better design—nice size, nice speed. The axial flow 
pump is much smaller but runs too fast. Ans. 





P11.60 Performance curves for a certain free propeller, comparable to Fig. 11.16, can 
be plotted as shown in Fig. P11.60, for thrust T versus speed V for constant power P. 

(a) What is striking, at least to the writer, about these curves? (b) Can you deduce this 
behavior by rearranging, or replotting, the data of Fig. 11.16? 
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= 600 reas 
= 400 = 
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Solution: (a) The three curves look exactly alike! In fact, we deduce, for this propeller, 
that the thrust, at constant speed, is linearly proportional to the horsepower! This implies 
that the dimensionless thrust, Cr, is proportional to the dimensionless power, Cp, for this 

propeller. We can go back and see that this is not the case for Fig. 11.16. 

(b) Here is a plot of thrust versus speed for the actual data of Fig. 11.16. We see that the 
curves are similar in shape, but the thrust is not proportional to the horsepower. Ans. 


(b) 















































































Data plotted from Figure 11.16 

1200 + —@— 125 hp 

1000 250 hp 
5 800 —å— 375 hp 
ï = 
% 600 Aa 
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11.61 A mine ventilation fan delivers 500 m/s of sea-level air at 295 rpm and Ap = 
1100 Pa. Is this fan axial, centrifugal, or mixed? Estimate its diameter in feet. If the flow 
rate is increased 50% for the same diameter, by what percent will Ap change? 


Solution: For sea-level air, take pg ~ 11.8 N/m*, hence H = Ap/pg = 1100/11.8 = 93 m= 
305 ft. Convert 500 m?/s to 7.93E6 gal/min and calculate the specific speed: 


X rpm(gal/min)?  295(7.93E6)” 
à (head)? (305) 





11400 (axial-flow pump) Ans. (a) 
Estimate C* =0.55 =, solve Dimen = 5-7m=19 ft Ans.(b) 


At constant D, Q œ n and Ap (or H) œ n?. Therefore, if Q increases 50%, so does n, and 
therefore Ap increases as (1.5)? = 2.25, ora 125% increase. Ans. (c) 
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11.62 The actual mine-ventilation fan in Prob. 11.61 had a diameter of 20 ft [Ref. 20, p. 339]. 
What would be the proper diameter for the pump family of Fig. 11.14 to provide 500 
m?/s at 295 rpm and BEP? What would be the resulting pressure rise in Pa? 


Solution: For sea-level air, take pg ~ 11.8 N/m’. As in Prob. 11.61 above, the specific 
speed of this fan is 11400, hence an axial-flow fan. Figure 11.14 indicates an efficiency 
of about 90%, and the only values we know for performance are from Fig. 11.13: 


500 


PAE IFAT? 


N, = 12000: Cg = 0.55 = solve Dimpetter 


=5.7m=18.7ft Ans. (a) 


6 (295/60) (20 x 0.3048)? _ 


Cx =1.07, H=1. 
9.81 


98 m, 





P11.63 A good curve-fit to the head vs. flow for the 32-inch pump in Fig. 11.7a is 
H(in ft) = 500 - (2.9E-7)O? , Q in gal/min 

Assume the same rotation rate, 1170 1/min, and estimate the flow rate this pump will 

provide to deliver water from a reservoir, through 900 ft of 12-inch pipe, to a point 150 ft 

above the reservoir surface. Assume a friction factor f= 0.019. 


Solution: The system head would be the elevation change, 150 ft, plus the friction head loss: 


LV? 900, [40/2 /(1)? (4497), 


H ping = 500 Q.9E— DQ" =H pg = he +f a A PRE 


pump system 
or: 500 —(2.9E-7)Q7 = 150 + (2.14E-6)07 
Sove G? Sa eae Ge a0. Ans. 
2.43E-6 min 
This is not a BEP match, but the efficiency is about 75%, not too bad. 





11.64 A leaf blower is essentially a centrifugal impeller exiting to a tube. Suppose that 
the tube is smooth PVC pipe, 4 ft long, with a diameter of 2.5 in. The desired exit 
velocity is 73 mi/h in sea-level standard air. If we use the pump family of Eq. (11.27) to 
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drive the blower, what approximate (a) diameter and (b) rotation speed are appropriate? 
(c) Is this a good design? 
Solution: Recall that Eq. (11.27) gave BEP coefficients for the pumps of Fig. 11.7: 

C% =0.115; C% =5.0; C% =0.65 


Apply these coefficients to the leaf-blower data. Neglect minor losses, that is, let the 
pump head match the pipe friction loss. For air, take p= 1.2 kg/m? and u= 1.8E-5 kg/m-s. 
Convert 73 mi/h = 32.6 m/s, 4 ft = 1.22 m and 2.5 in = 0.0635 m: 





2m2 v2 2 
h,= Hp = 5.0 nD S L pwe p 1.22 m ) paene ASTR 
9.81 m/s dype 28 0.0635 mJ] 2(9.81 m/s”) 
m? 
Q = Z d}2,„„V = Z (0.0635 m)? (32.6 m/s) = 0.103 = 0.115nD? 


We know the Reynolds number, Reg = pVd/u = (1.2)(32.6)(0.0635)/(1.8E-5) = 138,000, 
and for a smooth pipe, from the Moody chart, calculate fomooth = 0.0168. Then H = he = 17.5 
m, and the two previous equations can then be solved for 

=0.39m (15.4 in); n=151/s=900 r/min Ans. (a, b) 


Dou mp 


(c) This blower is too slow and too large, a better (mixed or axial flow) pump can be 
designed. Ans. (c) 





11.65 An 11.5-in diameter centrifugal pump, running at 1750 rev/min, delivers 850 
gal/min and a head of 105 ft at best efficiency (82%). (a) Can this pump operate 
efficiently when delivering water at 20°C through 200 m of 10-cm-diameter smooth 
pipe? Neglect minor losses. (b) If your answer to (a) is negative, can the speed n be 
changed to operate efficiently? (c) If your answer to (b) is also negative, can the impeller 
diameter be changed to operate efficiently and still run at 1750 rev/min? 


Solution: For water at 20°C, take p = 998 kg/m3 and u = 0.001 kg/m-s. Convert to SI 
units: Q = 850 gal/min = 0.0536 m?/s, D = 11.5 in = 0.292 m, H = 105 ft = 32.0 m. 
Compute Rep and f: 

Q_ 0.0536 26537 Rene EP 998(6.83)(0.1) 


A Læ LANIN 152 a 1n 152 


y= =0.0125 





= 681,000; f. 


smooth 


(a) Now compute the friction head loss at 850 gal/min and see if it matches the pump 
head: 


LV? 200m G Sais: 


h,= f= = (0.0125) Iz -]=59.2m =194 ft F Nyy = 105 ft 


pump 
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The answer to part (a) is No, the pump will operate far off-design to lower the flow rate 
and hy. 


(b) Can we just change the pump speed? This answer is also No. At BEP, (gH/n?D?) is 
constant, therefore pump head is proportional to n?. But the pipe friction loss is also 
approximately proportional to n?. Thus, for any speed n, the pipe head will always be 
about twice as large as the pump head and not operate efficiently. Ans.(b) 


(c) Can we change the impeller diameter, still at 1750 rev/min, and operate efficiently? 
This time the answer is Yes. First note the BEP dimensionless parameters, n = 1750/60 
= 29.2 rps: 
H* _ (9.81m/s°)(32. * ; , 
COC OBO) 459, eS EY TR 


--2 n2 190.91 4270. 900...\2 _n LAN A LAINA ANAN 








Now combine these with the fact that hr is approximately proportional to n?. In SI units, 
22 


n 
h,(m) = 206000? (in m? /8) = H jmp = 4.33 — = 20600[0.0738n D>? 
g 





pump 


n cancels, solve for D} ~ 0.00356 m*, D, =0.244m = 9.6inches Ans. (c) 


This is approximately correct. Check: the pump head is 22.4 m (74 ft) and flow rate is 
497 gal/min. For this flow rate, the pipe head loss is 22.3 m (73 ft). Good match! Ans. 
(c) 

NOTE: Part (c) is almost independent of n. For example, if n = 20 rev/s, the best 
efficiency converges to an impeller diameter of 0.24 m (9.45 in), with Q = 323 gal/min 
and H = ly = 10.2 m. 





11.66 It is proposed to run the pump of Prob. 11.35 at 880 rpm to pump water at 20°C 
through the system of Fig. P11.66. The pipe is 20-cm diameter commercial steel. What 


flow rate in ft3/min results? Is this an efficient operation? 
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Solution: For water, take p = 998 kg/m? and ys = 0.0010 kg/m-s. For commercial steel, 
take €= 0.046 mm. Write the energy equation for the system: 

2 2/4372 

H he ga 4+ f (£Q L002) /4)] 


pump 


3 
= Ae FOR (oin m 


Meanwhile, H, = fen(Q)pon 3s and f= fen{ Rey. 


Moodychart 


where €/d = 0.046/200 = 0.00023. If we guess f as the fully rough value of 0.0141, we 
find that Hp is about 25 m and Q is about 5500 gal/min (0.35 m?/s). To do better would 
require some very careful plotting and interpolating, or: EES is made for this job! Iteration 
with EES leads to the more accurate solution: 


f =0.01456; V=10.8—; P,,,,, =139 hp; H,, =80.1ft = 24.4 m 
S 


pump 


a3 


The efficiency is 78%, considerably off the maximum of 88% - not a very good system fit. 
Ans. 
Here is a plot of the pump and system curves: 





150 5 












—O— h-pump 
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=E= b-friction 
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11.67 The pump of Prob. 11.35, running at 880 r/min, is to pump water at 20°C through 
75 m of horizontal galvanized-iron pipe (€=0.15 mm). All other system losses are 
neglected. Determine the flow rate and input power for (a) pipe diameter = 20 cm; and 
(b) the pipe diameter yielding maximum pump efficiency. 
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Solution: (a) There is no elevation change, so the pump head matches the friction: 
LW oaa 214 4 1 
TE agp P OSTO o Ria Ea E TS 


H,=f 





But also Hp = fcn(Q) from the data in Prob. 11.35. Guessing f equal to the fully rough 
value of 0.0183 yields Q of about 7000 gal/min. Use EES to get closer: 


m 
f =0.0185; V=14.4 m Re, =2.87£6, H, =73m 


2 


The efficiency is 87%, not bad! (b) If we vary the diameter but hold the pump at 
maximum efficiency (Q* = 8000 gal/min), we obtain a best d= 0.211 m. Ans. (b) 





11.68 Suppose that we use the axial-flow pump of Fig. 11.13 to drive the leaf blower of 
Prob. 11.64. What approximate (a) diameter and (b) rotation speed are appropriate? (c) Is 
this a good design? 


Solution: Recall that Fig. 11.13 gave BEP coefficients for an axial-flow pump: 
Có =0.55; Ch =1.07; C% = 0.70 


Apply these coefficients to the leaf-blower data. Neglect minor losses, that is, let the 
pump head match the pipe friction loss. For air, take p = 1.2 kg/m? and u = 1.8E-5 kg/m's. 
Convert 73 mi/h = 32.6 m/s, 4 ft = 1.22 m and 2.5 in = 0.0635 m: 





nD? L v ( 1.22 m | (32.6 m/s)? l 


h; =H pm = 1.07 Sf St , f=f(Req) 


“~~ ** pump 


: 
0=22.,.V =~ (0.0635 m)(32.6 m/s) =0.103 = 0.55nD° 
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We know the Reynolds number, Reg = pVd/u = (1.2)(32.6)(0.0635)/(1.8E—5) = 138,000, 
and for a smooth pipe, from the Moody chart, calculate fgmooth = 0.0168. Then H = he = 17.5 
m, and the two equations above can then be solved for: 


D = 0.122 m (4.8 in); n%=104 r/s = 6250 r/min Ans. (a, b) 


pomp: 


This blower is too fast and too small, a better (mixed flow) pump can be designed. Ans. (c) 





11.69 The pump of Prob. 11.38, running at 3500 rpm, is used to deliver water at 20°C 
through 600 ft of cast-iron pipe to an elevation 100 ft higher. Find (a) the proper pipe diameter 
for BEP operation; and (b) the flow rate that results if the pipe diameter is 3 inches. 


Q, gal/min: 50 100 150 200 250 300 350 400 45 


0 
H, ft: 201 200 198 194 189 181 169 156 13 
9 
N, M: 29 50 64 72 77 80 81 79 74 


Solution: For water at 20°C, take p = 1.94 slug/ft? and yu = 2.09E-5 slug/ft-s. For cast 
iron, take € = 0.00085 ft. (a) The data above are for 3500 rpm, with BEP at 350 gal/min: 





2 244312 3 
H*=169 ft=az+fE x = 100%. po Lonad A) =100+ ay, Q=Q*= 330 it 
Iterate, converges to Re, =2.87E5S, <= 0.00265, f =0.0258, 

(b) If d=3 inches, the above solution changes to a new flow rate: 
ZS 
Curve-fit: H ~201-61077 =100+ B00 TOMO 25) aN = 100+ 15466 fO7 


Iterate or EES: f =0.0277, Re=2.21ES, H =193 ft, 


~ na fo gal 





11.70 The pump of Prob. 11.28, operating at 2134 rpm, is used with water at 20°C in 
the system of Fig. P11.70. The diameter is 8 inches. (a) If it is operating at BEP, what is 
the proper elevation z2? (b) If z2 = 225 ft, what is the flow rate? 
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1500 ft of 
cast-iron pipe 


Solution: For water at 20°C, take p = 1.94 slug/ft? and u = 2.09E-5 slug/ft-s. For cast 
iron, take £ =~ 0.00085 ft, hence €/d = 0.00128. (a) At BEP from Prob. 11.28, Q* = 6 ft?/s 
and H* = 330 ft. Then the pipe head loss can be determined: 








v=Q-— 6 i72 Ë, ge = EO) 4 Gee fuoa = 0.0211 
A fm IANO TV AN2 & 1 NOC ¢ oody 
L V? 1 17.2) ? 
Hog = Azt fez, -100+0.0211{ 500) 0727, 10042182 n= 3308 


Solve for z, =212ft Ans. (a) 


(b) If z2 = 225 ft, the flow rate will be slightly lower and we will be barely off-design: 


2 2 
H=H(Q)rable =azt+ii Y= 295 1004 , 1500 y ; v=- Q 


nana ananaw 2 rassinn?) 





Converges to f = 0.0211, V =16.6 i H =331 ft, Q=5.8 ft?/s Ans. (b) 





11.71 The pump of Prob. 11.38, running at 3500 r/min, delivers water at 20°C through 
7200 ft of horizontal 5-in-diameter commercial-steel pipe. There are a sharp entrance, 
sharp exit, four 90° elbows, and a gate valve. Estimate (a) the flow rate if the valve is 
wide open and (b) the valve closing percentage which causes the pump to operate at BEP. 
(c) If the latter condition holds continuously for 1 year, estimate the energy cost at 10 ¢/kWh. 


Data at 3500 rpm: 


Q, gal/min: 50 100 150 200 250 300 350 400 450 
H, ft: 201 200 198 194 189 181 169 156 139 
n, %: 29 50 64 12 71 80 81 79 74 
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Solution: For water at 20°C, take p = 1.94 slug/ft? and yu = 2.09E-5 slug/ft-s. For com- 
mercial steel, take € = 0.00015 ft, or €/d = 0.00036. The data above show BEP at 350 gal/min. 
The minor losses are a sharp entrance (K = 0.5), sharp exit (K = 1.0), 4 elbows (4 x 0.28), 
and an open gate valve (K = 0.1), or UK = 2.72. Pump and systems heads are equal: 


2 
H, =H(Q)pabie = Hsyst = ER IK], where V =Q/[(7/4X(5/12°], b = 17280 


The friction factor f 2 0.0155 depends slightly upon Q through the Reynolds number. 
(a) Iterate on Q until both heads are equal. The result is 
f =0.0178, Rey = 227000, H, =H, = 167 ft, Q=359 gal/min Ans. (a) 


syst 


(b) Bring Q down to BEP, = 350 gpm, by increasing the gate-valve loss. The result is 
f = 0.0179, Rea = 221000, H = 169 ft, Q = 350 gpm, Kvaive = 21 (25% open) Ans. (b) 


(c) Continue case (b) for 1 year. What does it cost at 10¢ per kWh? Well, we know the 
power level is exactly BEP, so just figure the energy: 


P= pgQH = 62.4(350/449)(169) ~ 10152 fr ~13.8kW 


no. 


Annual cost = 13.8(365 days*24 hours)($0.1/kWh) = $12,100 Ans. (c) 





11.72 Performance data for a small commercial pump are shown below. The pump 
supplies 20°C water to a horizontal 5/8-in-diameter garden hose (€ = 0.01 in), which is 
50 ft long. Estimate (a) the flow rate; and (b) the hose diameter which would cause the 
pump to operate at BEP. 


Q, gal/min: 0 10 20 30 40 50 60 70 
H, ft: 75 75 74 72 68 62 47 «24 


Solution: For water at 20°C, take p = 1.94 slug/ft? and u = 2.09E-5 slug/ft-s. Given 
é/d = 0.01/(5/8) = 0.016, so f(fully rough) = 0.045. Pump and hose heads must equate, 
including the velocity head in the outlet jet: 


2 
H, = H(Q)rabie = Hsvst = 7 fe L + 1) £ = a m 960, V= 


minra fie be RUS eS 9. 





(a) Iterate on Q until both heads are equal. The result is: 


f =0.0456, Re, =50440, V=10.4 m H=75ft, Q=10gal/min Ans. (a) 
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The hose is too small. 


(b) We don’t know exactly where the BEP is, but it typically lies at about 60% of 
maximum flow rate (0.6 x 77 = 45 gpm). Iterate on hose diameter D to make the flow 
rate lie between 40 and 50 gal/min. The results are: 


Q=40 gal/min, H=68ft, f= 0.0362, Re %= 104000, Dhose= 1.22 inches 
45 65 0.0354 109000 1.30 inches Ans. (b) 
50 62 0.0348 114000 1.38 inches 





11.73 The Cessna 172 aircraft has a wing area of 174 ft?, an aspect ratio of 7.38, and a 
basic drag coefficient Cp.. = 0.037. Its propeller, whose data is shown in Fig. 11.16, has a 
diameter of 6.25 ft. If it weighs 2300 lbf and flies at 180 ft/s at 1500 m standard altitude, 
estimate (a) the appropriate propeller speed, in rev/min, and (b) the power required. Is 
the propeller efficient? [HINT: The efficiency is good, but not best.] 


Solution: At 1500 m altitude, take p = 1.0583 kg/m? = 0.00205 slug/ft®?. The lift and 
drag are 
Ww 2300 lbf 


= = = 0.397 
(1/2)pV°A_ (1/2)(0.00205slug / ft? )(180 ft/s)” (174 ft’) 


2 2 
Cb = Cpa + Ci 2999373 O22) 
a AR (7.38) 





L 


= 0.037+ 0.0068 = 0.0438 





.002 
P24 = (0.0438) 2007 
2 2 
Since T and n are related (strongly), we have to look for the right system match on the 


)(180)°(174) = 253 lbf 





Drag = Thrust = Cp 


performance chart, Fig. 11.16. The HINT says it is pretty efficient. Try best efficiency: 


J (for Nnax) = 9-7 = =e for which n=A4l1.1rev/s 
So the thrust is too small, we need larger Cr, hence a smaller J. Iterate to this solution: 
J =0.67 yields n=43rev/s C,=0.044 and T=254lbf (OK,a match) 
The appropriate propeller speedis_ n = 43 rev/s = 2580 rev/min. Ans.(a) 
(b) At J = 0.67, read, from Fig. 11.16, Cp = 0.029. Then the required power is 


P = Cp pn? D3 = (0.029)(0.00205)(43)° (6.25)5 = 45, roof = 82hp Ans.(b) 
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11.74 The 32-in-diameter pump in Fig. 11.7a is used at 1170 rpm in a system whose 
head curve is H,(ft) ~ 100 + 1.5Q2, with Q in kgal/min. Find the discharge and brake 
horsepower required for (a) one pump; (b) two pumps in parallel; and (c) two pumps in 
series. Which configuration is best? 


Solution: Assume plain old water, pg ~ 62.4 Ibf/ft>. A reasonable curve-fit to the pump 
head is taken from Fig. 11.7a: Hp(ft) = 500 — 0.3Q?, with Q in kgal/min. Try each case: 
(a) One pump: Hp = 500 — 0.3Q? = H; = 100 + 1.5Q°: Q = 14.9 kgal/min Ans. (a) 

(b) Two pumps in parallel: 500 — 0.3(Q/2)? = 100 + 1.5Q?, Q = 15.9 kgal/min Ans. (b) 
(c) Two pumps in series: 2(500 — 0.3Q7) = 100 + 1.5Q?: Q = 20.7 kgal/min Ans. (c) 
Clearly case(c) is best, because it is very near the BEP of the pump. Ans. 





11.75 Two 35-inch pumps from Fig. 11.7b are installed in parallel for the system of 
Fig. P11.75. Neglect minor losses. For water at 20°C, estimate the flow rate and power 
required if (a) both pumps are running; and (b) one pump is shut off and isolated. 
Z 
z d z = 300 ft 






1 statute mile 
of cast-iron pipe, 
24-in diameter 


z, = 200 ft 


er 
Two pumps 


Fig. P11.75 


Solution: For water at 20°C, take p = 1.94 slug/ft? and u = 2.09E-5 slug/ft-s. For cast 
iron, € = 0.00085 ft, or €/d = 0.000425. The 35-inch pump has the curve-fit head relation 
H)(ft) = 235 — 0.006Q3, with Q in kgal/min. In parallel, each pump takes Q/2: 
2 
H, =fen( 29] Heute © _ 4640 
curve-fit a d 2g d 


ABa 


(a) Two pumps: Iterate on Q (for Q/2 each) until both heads are equal. The results are: 
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h aacan Bal aana a 





P= 2Peach 


0.73 
(b) One pump: Iterate on Q alone until both heads are equal. The results are: 


f = 0.0164, Re = 2.3E6, H =~ 203 ft, Q=17500 gal/min Ans. (b) 


= [=a aa] = 855000+550~1550 bhp Ans. (a) 


P = 62.4(17500/449)(203)/0.87 +550 = 1030 bhp Ans. (b) 


The pumps in parallel give 12% more flow at the expense of 50% more power. 





11.76 Two 32-inch pumps are combined in parallel to deliver water at 20°C through 
1500 ft of horizontal pipe. If f = 0.025, what pipe diameter will ensure a flow rate of 
35,000 gal/min at 1170 rpm? 


Solution: For water at 20°C, take p = 1.94 slug/ft? and yu = 2.09E-5 slug/ft-s. As in 
Prob. 11.74, a reasonable curve-fit to the pump head is taken from Fig. 11.7a: Hp(ft) = 
500 — 0.3Q?, with Q in kgal/min. Each pump takes half the flow, 17,500 gal/min, for 
which 


3 
H,, = 500—0.3(17.5)° = 408 ft. Then Qnin = 25000. =78 w and the pipe loss is 


244372 
H sagas 1200 [ead /4)] A 5740 


syst naran as +3 


= 408 ft, solve for d=1.70ft Ans. 





11.77 Two pumps of the type tested in Prob. 11.22 are to be used at 2140 r/min to 
pump water at 20°C vertically upward through 100 m of commercial-steel pipe. Should 
they be in series or in parallel? What is the proper pipe diameter for most efficient 
operation? 


Solution: For water take p = 998 kg/m? and u = 0.001 kg/m-s. For commercial steel 
take £= 0.046 mm. Parallel operation is not feasible, as the pump can barely generate 
100 m of head and the friction loss must be added to this. For series operation, assume 
BEP operation, Q* = 0.2 m/s, H* =95 m: 


LV? 100 [0.20/(zd?/4)] 


2 
Ay puns = 2(95) = Az+ f =— = 100+ f — =100 





i 0.3305 f 


2 pumps 
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Given Reg = 49 Q/(zuUd) = 4(998)(0.2)/[ (0.001)d] = 254000/d and e/d = 0.000046/d, we 
can iterate on f until d is obtained. The EES result is: 


f=0.0156; Req = 1.8E6; V= 12.7 m/s, dbest = 0.142 m Ans. 








P11.78 Consider the axial-flow pump of Fig. 11.13, running at 4200 r/min, with an 
impeller diameter of 36 inches. The fluid is propane gas (molecular weight 44.06). (a) 
How many pumps in series are needed to increase the gas pressure from 1 atm to 2 atm? 
(b) Estimate the mass flow of gas. 


Solution: Find the gas constant and initial density of the propane. Assume T = 68°F = 
528°R. 





= 2 
i _ 49,700 _ sing AZ . p P 216 lof / ft 0.00355 


3 slug 
propane = “44 96 slug? R ° "RT (1128\(528°R) f 





From Fig. 11.13, at BEP, Co = 0.55 and Cr = 1.07. Calculate the head rise for one stage: 





gH _ o7- — C2DH 


: , or: A = 1465 ft 
n? D? (70r/s)* (3.0 ft)” 


Miststage = P&H = (0.00355)(32.2)(1465) = 168 wl 
fi 


(a) Crudely, then, to increase pressure by 1 atm = 2116 psf, we need 2116/168 = 12.6, or 
round off tol3 stages. However, the pressure rises about 8 per cent per stage, so a better 
estimate would be In(2.0)/In(1.08) = 10 stages. Ans.(a) 


(b) The mass flow follows from the flow coefficient: 





3 
Co = 0.55 = Q 2 peo ti 
nD? (70)(3.0)° s 


slug 


3 
t 
propane = pQ = €.00355 “5° 10407) = 3.7 


slug ne) 
S 


Chapter11 © Turbomachinery 95 





11.79 Two 32-inch pumps from Fig. 11.7a are to be used in series at 1170 rpm to lift 
water through 500 ft of vertical cast-iron pipe. What should the pipe diameter be for most 
efficient operation? Neglect minor losses. 


Solution: For water at 20°C, take p = 1.94 slug/ft? and u = 2.09E-5 slug/ft-s. For cast 
iron, € = 0.00085 ft. From Fig. 11.7a, read H* = 385 ft at Q* = 20,000 gal/min. Equate 


2 
H, = 2H* = 2(385) = H we 
d 2g 








syst 


[ 20000, 2, f 


Iterate, guessing f ~ 0.02 to get d, then get Reg and é/d and repeat. The final result is 
f=0.0185, V=45.8 ft/s, Re, =4.72E6, d=1.11ft Ans. 





11.80 Determine if either (a) the smallest, or (b) the largest of the seven Taco pumps in 
Fig.P11.24, running in series at 1160 r/min, can efficiently pump water at 20°C through 
1 km of horizontal 12-cm-diameter commercial steel pipe. 


Solution: For water at 20°C, take p = 998 kg/m? and u = 0.001 kg/m-s. For 
commercial steel pipe, from Table 6.1, € = 0.046 mm. Then £/D = 0.046 mm/120 mm = 
0.000383. 


(a) For the smallest pump in Fig. P11.24, the BFP is at about 400 gal/min, with a head of 
about 41 ft. See what friction head loss results from this flow rate: 


_ 6) 3 
Q_ (400x6.309E —5)m° /s -223 m, Rep = PVD _ (998)(2.23)(0.12) 


V ai 
A (4 14)(0.12m)* s u 0.001 


= 267,000 


£ = 0.000383; Eq.(6.48): fuo = 0.0177 , 


L v? 1 2.23)? 
=c 0.0170) £ 2) 
D 2g 0.12 2(9.81) 
So three small pumps in series, each with 41 ft of head, would be an efficient system. 


Ans. (a) 





hsf =37.4m =123 ft 


(b) For the largest pump in Fig. P11.24, the BFP is at about 525 gal/min, with a head of 
about 72 ft. See what friction head loss results from this flow rate: 
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č 


Ž = 0.000383; Eq. (6.48): fusa = 0.0173, 


So three large pumps in series, each with 71 ft of head, would be an efficient system. 
Ans. (b) The largest pump is a better solution because of its higher efficiency (80% 
compared to 65%). 





11.81 Reconsider the system of Fig. P6.62. Use the Byron Jackson pump of Prob. 11.28 
running at 2134 r/min, no scaling, to drive the flow. Determine the resulting flow rate 
between the reservoirs. What is the pump efficiency? 


Solution: For water take p = 1.94 slug/ft and u = 2.09E-5 slug/ft-s. For cast iron take £ = 
0.00085 ft, or €/d = 0.00085/0.5 = 0.0017. The energy equation, written between 
reservoirs, is the same as in Prob. 6.62: 







L = 2000 ft 


D = 6 inches 
Cast iron 
Pump 
2 2 2 
HS age fe Soh poe OL ipo 161190" 
A d 2g 0.5 2(32.2) 

where f= fmoody = feren £} with Re, = 4pQ 
d J mud 


From the data in Prob. 11.28 for the pump, Hp = fcn(Q) and is of the order of 300 ft. 
Guessing f = 0.02, we can estimate a flow rate of about Q = 2.4 ft/s, down in the low 
range of the Byron-Jackson pump. Get a closer result with EES: 


H, =340 ft; f =0.0228; Re, = 579,000; 
SE a aa ft 
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Interpolating, the pump efficiency is 7 = 56%. Ans. The flow rate is too low for this 
particular pump. 





11.82 The S-shaped head-versus-flow curve in Fig. P11.82 occurs in some axial-flow pumps. 
Explain how a fairly flat system-loss curve might cause instabilities in the operation of the 
pump. How might we avoid instability? 


Solution: The stability of pump operation is nicely 
covered in the review article by Greitzer (Ref. 41 of 
Chap. 11). Generally speaking, there is little danger 
of instability if the slope of the pump-head curve, 
dH/dQ, is negative, unless there are two such 
points. In Fig. P11.82 above, a flat system curve 
may cross the pump curve at three points (a, b, c). 
Of these 3, point b is statically unstable and 
cannot be maintained. Consider a small 
disturbance near point b: Suppose the flow rate 
drops slightly—then the system head decreases, 
but the pump head decreases even more. Then the 
flow rate will drop still more, etc., and we move Fig. P11.82 
away from the operating point, which therefore is 

unstable. The general rule is: 


A pump operating point is statically unstable if the (positive) slope of the 
pump-head curve is greater than the (positive) slope of the system curve. 


By this criterion, both points a and c above are statically stable. However, if the points 
are close together or there are large disturbances, a pump can “hunt” or oscillate between 
points a and c, so this could also be considered unstable to large disturbances. 

Finally, even a steep system curve (not shown above) which crosses at only a single 
point b on the positive-slope part of the pump-head curve can be dynamically unstable, 
that is, it can trigger an energy-feeding oscillation which diverges from point b. See 
Greitzer’s article for further details of this and other turbomachine instabilities. 
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these pumps are in parallel? How might we 
avoid instability? 


H A better system curve 


Flat system 





11.83 The low-shutoff head-versus-flow 
curve in Fig. P11.83 occurs in some centri- 
fugal pumps. Explain how a fairly flat 
system-loss curve might cause instabilities 
in the operation of the pump. What 
additional vexation occurs when two of 


Fig. P11.83 


Solution: As discussed, for one pump with a flat system curve, point a is statically 
unstable, point b is stable. A ‘better’ system curve only passes through b. 

For two pumps in parallel, both points a and c are unstable (see above). Points b and d 
are stable but for large disturbances the system can ‘hunt’ between the two points. 





11.84 Turbines are to be installed where the net head is 400 ft and the flow rate is 
250,000 gal/min. Discuss the type, number, and size of turbine which might be selected if 
the generator selected is (a) 48-pole, 60-cycle (n =150 rpm); or (b) 8-pole (n = 900 rpm). 
Why are at least two turbines desirable from a planning point of view? 


Solution: We select two turbines, of about half-flow each, so that one is still available 
for power generation if the other is shut down for maintenance or repairs. Ans. 


Assume 7) = 90%: 





Protat = 7PZQH = 0.9(62.4) | D 400 +550 = 22750 hp (each turbine = 11375 hp) 
(a) n= 150 rpm: 
1/2 1/2 
N.,. = a = aes. = 8.9 (select two impulse turbines) Ans. (a) 





anD _ 2(150/60)D 


Estimate 9 ~ 0.47 =———— = —————__, 





or: D=9.6ft Ans. (a) 


2 
(b)n =900 rpm: N,, = 20041375) < = 54 (select two Francis turbines) Ans. (b) 


zannĘ SA 
x 
Fig. 11.21: CS =2.6= p = ee 3302 solve D=3.26ft Ans. (b) 


pn’D* 1 nal 900V ns 
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11.85 For a high-flow site with a head of 45 ft, it is desired to design a single 7-ft- 
diameter turbine that develops 4000 bhp at a speed of 360 r/min and 88% efficiency. Itis 
decided first to test a geometrically similar model of diameter 1 ft, running at 1180 r/min. 
(a) What likely type of turbine is the prototype? What are the appropriate (b) head, and 
(c) flow rate for the model test? (d) Estimate the power expected to be delivered by the 
model turbine. 


Solution: For water, take p = 1.94 slug/ft®. (a) We have enough information to 
determine power specific speed: 


_ (rpm)X(bhp)!? _ (360rpm)(4000bhp)? _ 


sp errs enasi vam rsSld 


N 195 





For a water-flow application, this number is characteristic of a propeller turbine. Ans. 
(a) 
(b) The similarity rules give us the required model head by equating the head 
coefficients: 

gH, —_ (32.2)(45) _ gH, _ (82.2) H, 


= , Solve H, =9.9 ft Ans.(b) 
O n D? (360)°(7.0)? n? D3 (1180)7(1.0) à fi 





[We didn’t bother changing n to r/s because the factors of “60” would have cancelled out.] 
(c) To get the model flow rate, first calculate the prototype flow rate from the known power: 
P =npgHQ = (4000x550 ft—lbf /s) =(0.88)(1.94slug / ft?)(32.2 ft/ s°)(45f1) Q, 
Solve for Q, =890 fels 





3 
Then Co = Dis, OIL Ze Q - Q» Solve Q, = gsi Ans.(c) 
S 


nD? (360)(7.0) mD?  (1180)(1.0)° 
If we assume the efficiency is unchanged, the model power output will be 


P, =npgH,Q, = (0.88)(1.94)(32.2)(9.9 ft\(8.5 ft? /s) = 4630 SUE 25 4 bhp Ans.(d) 


[The Moody size-effect formula, Eq. (11.29a), suggests m = 0.805, or P2 = 7.7 bhp.] 





11.86 The Tupperware hydroelectric plant on the Blackstone River has four 36-inch- 
diameter turbines, each providing 447 kW at 200 rpm and 205 ft/s for a head of 30 ft. 
What type of turbines are these? How does their performance compare with Fig. 11.21? 
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Solution: Convert P* = 447 kW = 599 hp. Then, for D = 36” = 3.0 ft, 
_ nP'? — 200(599)'” 


sp ¥¥5/4 sans VA 


N 





= 70 (These are Francisturbines) Ans. 


Use the given data to compute the dimensionless BEP coefficients: 
205 599(550) 


Ce = LANANIELNNIA MÌ S 2.3; Cp = 1 AALINANIENS3 195 ~19 (both are quite different!) 


Gt oe SOO L97 (OK); ma = — SOR OK) Ans. 


IANNIS? LA ALANEN 
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11.87 An idealized radial turbine is shown <— 
in Fig. P11.87. The absolute flow enters at Fig. P11.87 
30° and leaves radially inward. The flow 

rate is 3.5 m°/s of water at 20°C. The blade 

thickness is constant at 10 cm. Compute 

the theoretical power developed at 100% 

efficiency. 


Solution: For water, take p ~ 998 kg/m>. With reference to Fig. 11.22 and Eq. 11.35, 











2 
u, =ax, =135( 27 0.7)=9.90 ™, a =30%, @, =90°, Vp => =7.96 
ae: V 
ve gg ana a 


Thus Pheory = PQU Vi» = 998(3.5)(9.90)(13.8) = 477000 W = 477kW Ans. 





11.88 Performance data for a very small (D = 8.25 cm) model water turbine, operating 
with an available head of 49 ft, are as follows: 


Q, m?/h: 18.7 18.7 185 183 17.6 167 15.1 11.5 
rpm: 0 500 1000 1500 2000 2500 3000 3500 
n: 0 14% 27% 38% 50% 65% 61% 11% 


(a) What type of turbine is this likely to be? (b) What is so different about this data 
compared to the dimensionless performance plot in Fig. 11.21d? Suppose it is desired to 
use a geometrically similar turbine to serve where the available head and flow are 150 ft 
and 6.7 ft?/s, respectively. Estimate the most efficient (c) turbine diameter; (d) rotation 
speed; and (e) horsepower. 


Solution: (a) Convert Q = 16.7 m/h = 0.164 ft3/s. Use BEP data to calculate power 
specific speed: 


bhp = pgOHn = (62.4 Ibf/ft?)(0.164 ft?/s)(49 ft)(0.65) = 326 frxtbf/s = 0.593 hp 


ee rpm(bhp)"* _ (2500 rpm)(0.593 bhp)!” 


sp srr on SA san ons 





= 15 (Francis turbine) Ans. (a) 


(b) This data is different because it has variable speed. Our other data is at constant 
speed. Ans. (b) 
(c, d, e) First establish the BEP coefficients from the small-turbine data: 


nas (evuuruy 1oyVueuusy anny 


rr IA DASNLANL NA ANAN 


P:S (326 *1.3558 W) 


~3n5 (N00 1-~ 12-3, 0N ENNIEN 1-3 0N NONE .--s5 


=1.60 





Cp= 


Now enter the new data, in English units, to the flow and head coefficients: 


6.7 ft? “ (32.2 i a) ft) 


Co. = =0.198; Cy => 124 





Solve for n, =15.1 r/s =904 r/min; D, =1.31ft=15.7in Ans. (c, d) 


Then P, =C¥pn3D3 =1.60(1.94 slug/ft?)(15.1 r/s)3(1.31 ft)? 
ftthf 


Actually, since the new turbine is 4.84 times larger, we could use the Moody step-up 
formula, Eq. (11.29a), to predict (1 — 72) = (1 — 0.65)/(4.84)!4 = 0.236, or 72 = 0.764 = 
76.4%. We thus expect more power from the larger turbine: 


Py = (74 hp)(76%/65%) = 87 hp Better Ans. (e) 





11.89 A Pelton wheel of 12-ft pitch diameter operates under a new head of 2000 ft. 
Estimate the speed, power output, and flow rate for best efficiency if the nozzle exit 
diameter is 4 inches. 


Solution: First get the jet velocity and then assume BFP at ¢ = 0.47: 


C, =0.94, so: Vj =Cy/2gH =0.94,/2(32.2)(2000) ~ 337 ft/s 


mnD — mn(12.0) 


V2eH —/2(32.2)(2000)’ 


BEP at ¢~=0.47= 





gal 


Q= Vind nozzle “377 ) 1J- 9.4 = 13200 Ans. 
S 


123 


Upesi = Via/2 = 169 ft/s 


jet 


Piieoiy = Sra —u)(l-— cos B) 


DAMIR AN TA ON IRA 4 rN arem o rrn ranna 


s2uU0\TIUYU) 


Purp = 4500 bhp, N,, =————z, = 1.34 Fig. 11.27, read 1,,,, <80%, say, 75% 


SP pa AAAs 


Actual power output = 7P,o9, = 0.75(5800) = 4350 bhp Ans. 





11.90 An idealized radial turbine is 
shown in Fig. P11.90. The absolute flow 
enters at 25° with the blade angles as 
shown. The flow rate is 8 m3/s of water 
at 20°C. The blade thickness is constant 
at 20 cm. Compute the theoretical power 
devel-oped at 100% efficiency. 


Solution: The inlet (2) and outlet (1) 
velocity vector diagrams are shown at 
right. The normal velocities are 


0 
Vin = QA, = ao =5.31 m/s 
0 
V,1 = Q/A, = a —=7.96 m/s 


From these we can compute the 
tangential velocities at each section: 





ae 





Uy = @r, = 80| — 1.2) =10.1 m/s; 


2 
u, =a, =80( 2 0.8) =6.70 m/s 
Vio = Vyz cot25°=11.4 m/s; V,, =u, — V,,, tan30° = 2.11 m/s 


Prreory = PQ(UyV,3 — Uy, V;;) = 998(8)[10.1(11.4) -6.7(2.11)] = 800,000 W Ans. 





11.91 The flow through an axial-flow turbine can be idealized by modifying the stator- 
rotor diagrams of Fig. 11.12 for energy absorption. Sketch a suitable blade and flow 
arrangement and the associated velocity vector diagrams. For further details, see Chap. 8 
of Ref. 25. 


Solution: Some typical velocity diagrams are shown below, where u = wr = blade speed. 
The power delivered to the turbine, at 100% ideal shock-free flow, is 


~ 1deal rpx<svicu =r UL 


whan V7 nan than tan nnntial nnwinnnnntn AF VW 


Rotor (2) 





Stator 





Vn2 





Fig. P11.91 





11.92 A dam on a river is being sited for a hydraulic turbine. The flow rate is 1500 m3/h, 
the available head is 24 m, and the turbine speed is to be 480 r/min. Discuss the estimated 
turbine size and feasibility for (a) a Francis turbine; and (b) a Pelton wheel. 


Solution: Assume 7 = 89%, as in Fig. 11.21d. The power generated by the turbine 
would be P = nyQH = (0.89)(62.4 Ibf/ft?)(14.7 £t3/s)(78.7 ft) = 64,300 ft-Ibf/s = 117 hp. 
Now compute Nsp = (480 rpm)(117 hp)!/2/(78.7 ft) = 22, appropriate for a Francis 
turbine. (a) A Francis turbine, similar to Fig. 11.21d, would have CS = 0.34 = (14.7 £t3/s)/ 
[(480/60 r/s)D3]. Solve for a turbine diameter of about 1.8 ft, which would be excellent 
for the task. Ans. (a) 

(b) A Pelton wheel at best efficiency (half the jet velocity) would only be 18 inches in 
diameter, with a huge nozzle, d = 6 inches, which is too large for the wheel. We conclude 


that a Pelton wheel would be a poor design. Ans. (b) 





11.93 Figure P11.93 shown on the following page, shows a crossflow or “Banki’” turbine 
[Ref. 55], which resembles a squirrel cage with slotted curved blades. The flow enters at 
about 2 o’clock, passes through the center and then again through the blades, leaving at 
about 8 o’clock. 

Report to the class on the operation and advantages of this design, including idealized 
velocity vector diagrams. 


Brief Discussion (not a “Solution’’): 
The crossflow turbine is ideal for small dam owners, because of its simple, inexpensive 
design. It can easily be constructed by a novice (such as the writer) from wood and plastic. 


It is not especially efficient (~ 60%) but 
makes good, inexpensive use of a small 
stream to produce electric power. For 
details, see Ref. 55 or the paper “Design 
and Testing of an Inexpensive Crossflow 
Turbine,” by W. Johnson et al., ASME 
Symposium on Small Hydropower Fluid 
Machinery, Phoenix, AZ, Nov. 1982, 
ASME vol. H00233, pp. 129-133. 





Fig. P11.93 





11.94 A simple crossflow turbine, Fig. P11.93 above, was constructed and tested at the 
University of Rhode Island. The blades were made of PVC pipe cut lengthwise into three 
120°-arc pieces. When tested in water at a heads of 5.3 ft and a flow rate of 630 gal/min, 
the measured power output was 0.6 hp. Estimate (a) the efficiency; and (b) the power 
specific speed if n = 200 rpm. 


Solution: We have sufficient information to compute the available water power: 





P a = pgQH = 62a| £ Jsa = 464+550=0.844 hp, «. 1 = au =71% Ans. (a) 
1/2 1/2 
At 200 rpm, N, = PPOP _ 2000.6) 19 Ans. (b) 





11.95 One can make a theoretical estimate of the proper diameter for a penstock in an 
impulse turbine installation, as in Fig. P11.95. Let L and H be known, and let the turbine 
performance be idealized by Eqs. (11.38) and (11.39). Account for friction loss hp in the 
penstock, but neglect minor losses. Show that (a) the maximum power is generated when 


hg = H/3, (b) the optimum jet velocity is (48H13)! 2 and (c) the best nozzle diameter is 
Dj= IDIN2FL)]!4, where fis the pipe-friction factor. 
V ~ 











Reservoir 








H 





>` — Impulse 
Penstock: L,D l 
Fig. P11.95 


Solution: From Eqs. 11.38 and 39, maximum power is obtained when u = Vj/2, or: 


Vif, y; - 
Prax = PQ a V; lie one B)= pA, {1-298 lys -cv2v,, C=constant 


A 


Now apply the steady-flow energy equation between the reservoir and the outlet jet: 


y2? v2 D Ý 
Aeshna ey ge yee) V2 since V; ŽD? =V, ZD? 


4 
D. 
Thus Prax =C zav e V; |; Differentiate: San 0 if gH =3f V3 


m: 
j 


or if: H=3h,,,,.!. The pipe head loss=H/3 Ans. (a) 


f,pipe* 


Continuing, y? =2g(H-h;)=2g(H-H/3), or: V =, 4 oH Ans. (b) 


i lovtimum — i.optimum 


Then the correct pipe flow speed is obtained by back-substitution: 


L Vie H | 28H 
fe =, or: Vaine qh Sage oes 





D;\'_ 2H 


1/4 
. D; | 
, solvefor D,,=|—?=+ Ans. (c) 
DÌ = 3fL/D = (2L) 


Continuing, v= v? 





11.96 Apply the results of Prob. 11.95 to determining the optimum (a) penstock 
diameter, and (b) nozzle diameter for the data of Prob. 11.92, with a commercial-steel 
penstock of length 1500 ft. [H = 800 ft, Q = 40,000 gal/min.] 


Solution: For water, take p = 1.94 slug/ft? and u = 2.09E-5 slug/ft-s. For commercial 
steel, € = 0.00015 ft. We can’t find fmooay until we know D, so iteration is required. We can 
immediately compute Vjet = (4gH/3)!? = 185 ft/s, but this wasn’t asked! Anyway, 


V2 Vi 
=m3=267t=f L-2 =f ath» where V = 0A Cia) 


naran 





Iterate to find f =0.0120, Rep = 6.24E6, and D = Dpenstock = 1-68 ft Ans. (a) 


p W (1.68) 14 
Then Dj, =|—+ =| —————__|_ = 0.78 ft=9.4 inches Ans. (b) 
2fL ) 2(0.0120)(1500) 





11.97 Consider the following non-optimum version of Prob. 11.95: H = 450 m, L = 5 km, 
D = 1.2 m, Dj = 20 cm. The penstock is concrete, €= 1 mm. The impulse wheel diameter 
is 3.2 m. Estimate (a) the power generated by the wheel at 80% efficiency; and (b) the 
best speed of the wheel in r/min. Neglect minor losses. 


Solution: For water take p = 998 kg/m? and 4 = 0.001 kg/m-s. This is a non-optimum 
condition, so we simply make a standard energy and continuity analysis. Refer to the 
figure on the next page for the notation: 
2 
Az=H=h,+—, V,D7 =Vyin-D?, combine and solve for jet velocity: 


DY 
aO i where fajol PR E, £ 000l g 33E-4 





For example, guessing f ~ 0.02, we estimate Vj = 91.2 m/s. Using EES yields 
3 
f =0.0189, Re, =3.03E6, V.,,=91.23 ~, 0=2.87 — 


The power generated (at 80% efficiency) and best wheel speed are 


1 D 
Power = P QU yea (Vj —Uyvhee (A —cosB)(0.8), Upest = 5 Vie = Quel a $ B = 165° 
I Daa =3.2m, solvefor Qua =28.5 PE =272 T, 
S mın 





As shown on the figure below, which varies Dj, the optimum jet diameter is 34 cm, not 
20 cm, and the optimum power would be 1/6 MW, or 70% more! 
1.6x10" 
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11.98 Francis and Kaplan (enclosed) turbines are often provided with draft tubes, which 
lead the exit flow into the tailwater region, as in Fig. P11.98. Explain at least two 
advantages to using a draft tube. 


Solution: Draft tubes have two big ad-vantages: 
(1) They reduce the exit loss, since a draft tube is essentially a diffuser, as in Fig. 6.23 of 
the text, so more of the water head is converted to power. 


|< 





Fig. P11.98 
(2) They reduce total losses downstream of the turbine, so that the turbine runner can be 
placed higher up without the danger of cavitation. 





11.99 Like pumps, turbines can also cavitate when the pressure at point 1 in Fig. 
P11.98 drops too low. With NPSH defined by Eq. 11.20, the empirical criterion given by 
Wislicenus [Ref. 4] for cavitation is 


+ \1/2 
= cai > 11,000 

[NPSH(ft)] 
Use this criterion to compute how high (zi — z2) the impeller eye in Fig. P11.98 can be 
placed for a Francis turbine, with a head of 300 ft, Nsp = 40, and pa = 14 psia, before 


cavitation occurs in 60°F water. 


ss 


Solution: For water at 60°F, take pg = 62.4 Ibf/ft? and py ~ 37 psfa = 0.25 psia. Then 
(14.0 —0.25)(144) 


LAA 





Eq. 11.20: NPSH = PPr —Az-h; = Az-0=31.7ft-Az 


Now we need the NPSH, which we find between the two specific-speed criteria: 


P ` hi 1/2 
No =40=2 Eb with P= npg(Q/449)(300 fit) +550 
n(Q in gpm)” 
N,, = 11000 = ———_=—. [terate to solve by assuming 7) = 90% 


(We can’t find n or Q, only nQ!). Result: NPSH = 45.0 ft, Az = 31.7 — 45 = 13.3 ft. 
Ans. 





11.100 Consider the large wind turbine in the chapter-opener photo. Pretend that you 
do not know that 5M means five megawatts. Use the meager photo-caption data, plus 


your knowledge of wind turbine theory and experiment, to estimate the power delivered 
by the turbine for a rated wind speed of 12 m/s and a rotation rate of 10 rev/min. 


Solution: Meager data: Itis a HAWT with D = 126 m. For sea level air, take p = 1.22 
kg/m}. Convert @ = 10 rev/min = (10)(27)/60 = 1.05 rad/s. Then calculate the speed ratio: 


@R _ (1.05 rad/s)(63m) _ 
V 12m/s 


DD 


Now find the experimental power coefficient on Fig. 11.31 of the text. This giant turbine 
is probably not “high speed”, but use the “high speed HAWT” curve: Cp = 0.43. 
Compute 


Power =C, Pav? = (0.435917 126) }02) =5,650,000W =5.7MW Ans. 


This is a good estimate, considering that we have no data for the SMW turbine. 





11.101 A Darrieus VAWT in operation in Lumsden, Saskatchewan, that is 32 ft high 
and 20 ft in diameter sweeps out an area of 432 ft”. Estimate (a) the maximum power and 
(b) the rotor speed if it is operating in 16 mi/h winds. 


Solution: For air in Saskatchewan (?), take p ~ 0.0023 slug/ft*. Convert 16 mi/h = 23.5 ft/s. 
From Fig. 11.34 for the Darrieus VAWT, read optimum Cp and speed ratio: 


P P, 
Cpm = 0.42 = = max 


AAI AANTB TAIAVIN DADANLAIANIAYA &\3 





Solve for P,,,, = 2696 ftxtbf/s = 3.7 kW Ans. (a) 


m: 


At P, z412 or @=962 rad 60 92 rpm Ans. (b) 


max? qy NOE 








11.102 An American 6-ft diameter multiblade HAWT is used to pump water to a height 
of 10 ft through 3-in-diameter cast-iron pipe. If the winds are 12 mi/h, estimate the rate of 
water flow in gal/min. 


Solution: For air in “America” (?), take p ~ 0.0023 slug/ft?. Convert 12 mi/h = 17.6 
ft/s. For water, take p = 1.94 slug/ft? and yu = 2.09E-—5 slug/(ft-s). From Fig. 11.34 for the 
American multiblade HAWT, read optimum Cp and speed ratio: 


Cp max = 0.29 at a =0.9: Pia = 0.29{ 1. )¢0.0023) 6,207.6) =51.4 we 


If Noump ~ 80%, Prump = 0-8(51.4) = Pwater QHyyst = 62.4Q| Az+ f= + 


p 


where V, Q L10 240, £= 000085 0.0034 


Pipe = ANSA mA NA 29 n ann 


Clean up to: 0.659=Q(10+ 258 fstooayQ > with Q in ft*/s.  Iterate to obtain 


5 
f ~ 0.0305, V,,,. «1.34 Ë, Re =31000, Q = 0.0657 = 29 gal/min Ans. 





P11.103 The new 3-blade HAWT municipal wind turbine in Portsmouth, RI has a 
tower 213 ft high, with a turbine diameter of 252 ft. The newspaper rates the turbine at 
1.5 MW. (a) What wind velocity, and turbine rotation speed, would generate this power? 
(5) Estimate the annual power production for a steady wind speed of 12 mi/h. 


Solution: From Fig. 11.32, best efficiency fora HAWT occurs at @r/V = 5.5, where the 
power coefficient is about 0.45. Assume sea-level density of 0.00237 slug/ft’ — all of 
Rhode Island is pretty much sea-level. Convert 1.5 MW + 1.3558 = 1.106E6 ft-lbf/s. 
Then find the velocity: 


P = 1.108E6 2% -= Cp Par = (0. 45 FE gs2 
S 





Solve for V = (41598)'3 = 346 £ = 245 Ans.(a) 


Alo, Siasa a CUD Se i sp ad = 145 Ans(a) 
V 34.8 ft/s s min 


(b) Carry out the same calculations for a steady V = 12 mi/h = 17.6 ft/s: 


P = Cp Pav’ = (0.45)(2: StF 252,87 107.6 ft/s) = 145, ooo fF ant =197 kW 





Annual production = (197kW)(24h/ day)(365 day/ year) = 1,730,000 nen Ans.(b) 


That’s a lot of electric power. Of course, Rhode Island isn’t that windy all the time. 





11.104 The controversial Cape Wind project proposes 130 large wind turbines in 
Nantucket Sound, intended to provide 75% of the electric power needs of Cape Cod and 
the Islands. The turbine diameter is 328 ft. For an average wind velocity of 14 mi/h, 
what are the best rotation rate (r/min) and total power output (MW) estimates for (a) a 
HAWT; and (b) a VAWT? 


Solution: Convert 14 mi/h = 20.53 ft/s. Use Fig. 11.32 of the text to make your 
estimates. (a) HAWT geometry. Best efficiency is at (@r/V) = 5.8, where Cp = 0.45: 


Or 5g- 28B Sove o=0.726 RPMS 6.9 Ansa) 
V 20.53 ft/s s 27 min 


0. 00058) —lbf 





=531kW 





Power =C, © Av =0.45( se 7 028) (20.53)° = 392, oo A= PF 
Total power = ee MW)(130 units) = 69 uw Ans.(a) 


(b) Darrieus VAWT geometry. Best efficiency is at (@r/V) = 4.0, where Cp = 0.40: 





Or ef ROI Solve ty) SO rem ae a) 
V 20.53 ft/s sS 2m min 


0.00238, © jmox2inaem3 sso nnn EZI raain 


woss oF Pate? CAAA? 


Primarily because of the variability of Cape winds, both of these are overestimates. The 
official power estimate for the Cape Wind (HAWT) project is 42 MW. 





P11.105 In 2007, a wind-powered-vehicle contest, held in North Holland [64], was 
won with a design by students at the University of Stuttgart. A schematic of the winning 
3-wheeler is shown in Fig. P11.105. It is powered by a shrouded wind turbine, not a 
propeller, and, unlike a sailboat, can move directly into the wind. (a) How does it work? 

(b) What if the wind is off to the side? (c) Cite some design questions you might 
have. 


Fig. P11.105 








Solution: (a) The wind turns the turbine. The turbine turns a shaft that is geared to the 
wheels and drives the vehicle. 

(b) If the wind is from the side, the entire turbine swivels to face into the wind. 

(c) Design questions might include: 

1. How large to make the turbine? Answer: D = 6 ft. 

2. How to design the drive train? Answer: Two sets of bicycle gears and a chain 
drive. 

3. How to balance the weight to resist the overturning moment of the turbine thrust? 
Answer: More weight in the front — total weight was about 290 Ibf. 

4. How to manage variable winds? Answer: The turbine blades could change pitch 
if the wind speed changed. 

5. How to make light but strong blades? Answer: The students molded the blades 
from composite materials. 





P11.106 Analyze the wind-powered-vehicle of Fig. P11.105 with the following 
data: turbine diameter D = 6 ft, power coefficient (Fig. 11.32) = 0.3, vehicle CpA = 4.5 ft’, 
and turbine rotation 240 r/min. The vehicle moves directly into a head wind, W= 25 mi/h. 
The wind backward thrust on the turbine is approximately T= Cr(9/2)Veer Awurbine, Where 


Via is the air velocity relative to the turbine and C; = 0.7. Eighty per cent of the turbine 
power is delivered by gears to the wheels, to propel the vehicle. Estimate the sea-level 
vehicle velocity V, in mi/h. 


Solution: At sea level take p = 0.00237 slug/ft’. Recall the definition of power coefficient 
from Eq. (11.46). The air velocity relative to the moving turbine is (W+V). Hence 


F 


urbine 


T 5 
= Cp È Aurine Viei = Ce ECD WHV ọ, Cp = 0.4 (Fig.11.32) 


Also, 7 Frurbine = Pvenicle = FvehicteY > where = 0.8 


The retarding force on the vehicle is the sum of drag on the vehicle and thrust on the 
turbine: 


P 2 P p2 2 
F vehicle = Ehag + Prisi = z (C0W + y) at Cr 2 ae Ww + V) 


where Cr = 0.7. Combine these two equations and we find that both (W+V) and p cancel, 
and the turbine area can be divided out. The result is 


pA W 


c 
Cp(W +V) = V[——— + Cr], or: V = ————___—_——— (analytic answer) 
aes maD | 1 CA E 
J z+Cr]-1 
NCp (x/4)D 
wW W  25milh 


or: V = = 14.8 mi/h Ans. 





1 45 ~ 268-1 1.68 


0.7]-1 
soa rO ! 





This is a simplified analysis, independent of density and RPM, in reasonable agreement with the 
actual performance of the Stuttgart student design, which averaged 15 mi/h during the contest. 





P11.107 Figure 11.32 showed the typical power performance of a wind turbine. The 
wind also causes a thrust force that must be resisted by the structure. The thrust 
coefficient Cr of a wind turbine may be defined as follows: 

Thrust force _ T 

(PIDAV? (PIDA AD] V? 
Values of Cr for a typical horizontal-axis wind turbine are shown in Fig. P11.107. The 
abscissa is the same as in Fig. 11.32. Consider the turbine of Prob. P11.103. Ifthe wind is 
35 mi/h and the rotation rate 24 r/min, estimate the bending moment about the tower base. 
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c, 98 Fig. P11.107 
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Solution: Assume sea-level density of 0.00237 slug/ft* — all of Rhode Island is pretty 
much sea-level. Convert 24 r/min x 277/60 = w= 2.51 rad/s. Convert wind speed = 35 
mi/h = 51.3 ft/s. | Now find where we are on the graph: 


wr _ (251/9026) _ 
V 51.3 fils 


6.2 


From Fig. P11.107, read C; = 0.8. Then the thrust force is, approximately, 


0.00237 
2 
Moment about the base = Th = (126,000/bf)(213 ft) = 2.65E7 ft—/bf Ans. 





Thrust = C 2a V? = (0.8)( \Læ(126 f)? (51.3)? = 126,000 lbf 





COMPREHENSIVEPROBLEMS 
C11.1_ The net head of a little aquarium pump is given by the manufacturer as a func- 
tion of volume flow rate as listed: 


Q, m/s: 0 1E-6 2E-6 3E-6 4E-6 5E-6 
H,mmH20: 1.10 1.00 0.80 0.60 0.35 0.0 





What is the maximum achievable flow rate if you use this pump to pump water from the 
lower reservoir to the upper reservoir as shown in the figure? 

NOTE: The tubing is smooth, with an inner diameter of 5 mm and a total length of 29.8 m. 
The water is at room temperature and pressure, and minor losses are neglected. 


x, 








| — 
0.80 m 





Pump 























Fig. C11.1 


Solution: For water, take p = 998 kg/m? and u = 0.001 kg/m-s. NOTE: The tubing is so 
small that the flow is laminar, even at the highest pump flow rate: 
Rea = Pma —_4O8SE6) 1979 <2000 >. Laminar 


max end =N ANININ NANEN 





The energy equation shows that the pump must fight both friction and elevation: 


LW? 128uL 128(.001)(29.8 
H = Act f= Act hy tam = AZ+ e 2 an es 


pump 





=0.8+ 


> 


or: H,, =0.8+1984000 = H,(Q) from the pump data above 


One can plot the two relations, as at right, | 
or use EES with a look-up table to get the 
final result for flow rate and head: 


H, =1.00m 
Q=1.0E-6 m?/s Ans. 


The EES print-out gives the results Req = 
255, H = 0.999 m, Q = 1.004E-6 m°/s. 





C11.2 Reconsider Prob. 6.62 as an LJ“ Pump Sask wae 
exercise in pump selection. Select an Fig. 11.2 

impeller size and rotational speed from the 

Byron Jackson pump family of Prob. 11.28 

which will deliver a flow rate of 3 ft?/s to 

the system of Fig. P6.62 at minimum input 

power. Calculate the horsepower required. 


Solution: For water take p = 1.94 slug/ft? 

and u = 2.09E-5 slug/ft-s. For cast iron take 

€ = 0.00085 ft, or €/d = 0.00085/0.5 = 0.0017. The energy equation, written between 
reservoirs, is the same as in Prob. 6.62: 


y? 2000 [Q/(7/4/(0.5) 


H, =4z+ fE% =120 ft+ f =120+1611fQ° 


400 


where f = ftooay = PA with Re; = ame 
If, as given, Q=3 ft/s, then, from above, f = 0.0227 and Hp = 449.6 ft. 


Now we have to optimize: From Prob. 11.28, Q* =6 ft/s, H* = 330 ft, and P* = 255 bhp 
when n = 2134 rpm (35.57 rps) and D = 14.62 inches (1.218 ft). Thus, at BEP: 
x» _ O* 
Co = = 0.0933; CGy= 


—n3 


gH* 3 * Be 
oa = 5.66; Cp = oe i 0.599 





For the system above, (3.0)/[nD?] = 0.0932, or nD? = 32.15, and (32.2)(449.6)/n?D? = 
5.66, or n2D? = 2558. Solve simultaneously: 


n= 63.4 rps=3800 =>; D, =0.798ft; Power =0.599pn3D5 =174hp Ans. 











C11.3 Reconsider Prob. 6.77 as an exer- 
cise in turbine selection. Select an impeller 
size and rotational speed from the Francis 
turbine family of Fig. 11.21d which will 
deliver maximum power generated by the 
turbine. Calculate the water turbine power 
output and remark on the practicality of 
your design. 


L,=10 m, d,=6 cm 


L2=30 m, dz = 4 cm 


Turbine 


Fig. 11.3 


Solution: For water, take p = 998 kg/m? and zz = 0.001 kg/m-s. For wrought iron take 
€= 0.046 m, or €/d; = 0.046/60 = 0.000767 and €/d2 = 0.046/40 = 0.00115. The energy 
and continuity equations yields 


v? 


2 2 
Aaz=20m= 2u p aN 


2 
d 
+fiz th st Aurpines pala] = 2.25V, 





with the friction factors to be determined by the respective Reynolds numbers and 
roughness ratios. We use the BEP coefficients from Eq. (11.36) for this turbine: 
s Q" o3z. ce — 8H* opm œ- 2* _ 
Co =z = 0.34, Ce = sy = 9.03; Cp =— z270 


n3 o 33 


We know from Prob. 6.76 that the friction factors are approximately 0.022. With only one 
energy equation (above) and two unknowns (n and D;), we vary, say, n from 0 to 100 rev/s 
and find the resulting turbine diameter and power extracted. The power is shown in the 
graph below, with a maximum of 381 watts at n = 70 rev/s, with a resulting turbine 
diameter Dt = 5.3 cm. This is a fast, small turbine! Ans. 


400 
350 
300 
250 Max at n = 70 rps 
200 
150 
100 

50 


Turbine power P, watts 





0 10 20 30 40 50 60 70 80 980 100 





C11.4 The system of Fig. C11.4 is designed to deliver water at 20°C from a sea-level 
reservoir to another through new cast iron pipe of diameter 38 cm. Minor losses are 
ŁK; = 0.5 before the pump entrance and )}K2 = 7.2 after the pump exit. (a) Select a pump 
from either Figs. 11.7a or 11.7b, running at the given speeds, which can perform this task 
at maximum efficiency. Determine (b) the resulting flow rate; (c) the brake horsepower; 
and (d) whether the pump as presently situated is safe from cavitation. 





Fig. C11.4 


Solution: For water take = 998 kg/m? and ys = 0.001 kg/m-s. First establish the system 
curve of head loss versus flow rate. For cast iron take €= 0.26 mm, hence €/d = 0.26/380 = 
0.000684. The pumps of Figs. 11.7a,b deliver flows of 4000 to 28000 gal/min, no doubt 
turbulent flow. The energy equation, written from the lower free surface to the upper 
surface, gives 


2 2 v2 
Pig Vi +a =0+0+0= 224V HZ +h; -H pumn =0+0+11 m+ hef styg) 


A pump 








and V Q 


pipe T ias 12 





V iped 
Where f" =-2. 010g, 224 251) Rego mee 


Take, for example, Q = 22,000 gal/min = 1.39 m?/s. Then Vpipe = 12.24 m/s, Rea = 4.64E6, 
f= 0.0180, hence the head loss becomes 


(12. 24)” 


hy = "I 0. o180)(28™ } 


4t0.5+7. 2|- 68.9 m = 226 ft, 








Thus a match requires H =h, +z, =68.9m+11 m=79.9 m= 262 ft 


No pump in Fig. 11.7 exactly matches this, but the 28-inch pump in Fig. 11.7a and the 
41.5-inch pump in Fig. 11.7 are pretty close, especially the latter. We can continue the 
calculations: 


Q, gal/min: 4000 8000 12000 16000 20000 22000 24000 28000 
he, ft: 44 66 103 156 223 262 305 402 


(a) The best match seems to be the 38-inch pump of Fig. 11.7b at a flow rate of 
20,000 gal/min, near maximum efficiency of 88%. Ans. (a) 

(b, c) The appropriate flow rate is 20,000 gal/min. Ans. (b) 

The horsepower is 1250 bhp. Ans. (c) 

(d) Use Eq. (11.20) to check the NPSH for cavitation. For water at 20°C, py = 2337 Pa. 
The velocity in the pipe is V = Q/A = 11.13 m/s. The theoretical minimum net positive 
suction head is: 





p, _ 101350 Pa bh (11.13 m/s) 2337 Pa 


NPSH =t -z -h; z —(1+0.5) > 
Y 9790 N/m 2(9.81 m/s?) 9790 N/m 


Y 





In Fig. 11.7b, at Q = 20,000 gal/min, read NPSH = 16 m >> -0.36 m! So this pump, 
when placed in its present position, will surely cavitate! Ans. (d) A new pump 
placement is needed. 





C11.5 In Prob. 11.23, estimate the efficiency of the pump in two ways: (a) read it 
directly from Fig. 11.7b (for the dynamically similar pump); (b) calculate it from 
Eq. (11.5) for the actual kerosene flow. Compare your results and discuss any 
discrepancies. 


Solution: Problem 11.23 used the 38-inch-pump in Fig. 11.7b to deliver 22000 gal/min 
of kerosene at 850 rpm. (a) The problem showed that the dynamically similar water 
pump, at 710 rpm, had a flow rate of 18,400 gal/min. 


(a) Figure 11.7b: Read ņ = 88.5% Ans. (a) 


(b) For kerosene, take p = 804 kg/m? = 1.56 slug/ft?. The solution to Prob. 11.23 gave a 
kerosene head of 340 ft and a brake horsepower of 1600 hp. Together with the known 
flow rate, we can calculate the kerosene efficiency by definition: 


— Prerosene8QH _ (1.56)(32.2)(22000/448.83)(340) 


"kerosene Da 





=0.95 or 95% Ans. (b) 


$b tees LILIAN EEN ALE Ia 


This is significantly different from 88.5% in part (a) above. The main reason (the author 
thinks) is the difficulty of reading bhp from Fig. 11.7b. The actual kerosene bhp for 
Prob. 11.23 is probably about 1700, not 1600. Ans. 





C11.6 An interesting turbomachine [58] is the fluid coupling of Fig. C11.6, which 
delivers fluid from a primary pump rotor into a secondary turbine on a separate shaft. 
Both rotors have radial blades. Couplings are common in all types of vehicle and 
machine transmissions and drives. The slip of the coupling is defined as the dimension- 
less difference between shaft rotation rates, s = 1 — @s/@p. For a given percentage of 
fluid filling, the torque T transmitted is a function of s, p, @p, and impeller diameter D. 
(a) Non-dimensionalize this function into two pi groups, with one pi proportional to T. 
Tests on a 1-ft-diameter coupling at 2500 r/min, filled with hydraulic fluid of density 56 
Ibm/ft3, yield the following torque versus slip data: 


Slip, s: 0% 5% 10% 15% 20% 25% 
Torque T, ft-lbf: 0 90 275 440 580 680 
(b) If this coupling is run at 3600 r/min, at what slip value will it transmit a torque of 900 ft-lbf? 


(c) What is the proper diameter for a geometrically similar coupling to run at 3000 r/min 
and 5% slip and transmit 600 ft-lbf of torque? 





Fig. C11.6 


Solution: (a) List the dimensions of the five variables, from Table 5.1: 
Variable: T s P p D 
Dimension: {ML7/T?} {1} {M/L}  {1/T} {L} 
Since s is already dimensionless, the other four must form a single pi group. The result is: 


=e =fen(s) Ans. (a) 


mand 


Now, to work parts (b) and (c), put the data above into this dimensionless form. Convert poil = 
56 lbm/ft? = 1.74 slug/ft?. Convert @p = 2500 r/min = 41.7 1/s. The results are: 


Slip, s: 0% S% 10% 15% 20% 25% 
T/(po}D*): 0 0.0298 0.0911 0.146 0.192 0.225 


(b) With D = 1 ft and @p = 3500 r/min = 58.3 r/s and T = 900 ft-lbf, 
T | 900 ftxtbf 


am’ A TA obal NEO 2 wle\21 £45 





=0.152, Estimate s=15% Ans. (b) 


(c) With D unknown and s = 5% and @p = 3000 r/min = 50 r/s and T = 600 ft-lbf, 
T _ 600 ftxtbf 


am NS TA olael3B VEN #le\2 (5 





=0,0298, Solve D=1.36 ft Ans. (c) 





C11.7 Report to the class on the Cordier method [63] for optimal design of 
turbomachinery. The method is related to, and greatly expanded from, Prob. P11.46 and 
uses both software and charts to develop an efficient design for any given pump or 
compressor application. 


Solution: The Cordier method, developed in the textbook G. T. Csanady, Theory of 
Turbomachines, McGraw-Hill, New York, 1964, is an extensive correlation of the best 
features of various pumps (or turbines) to design an optimal machine for a given set of 
conditions. Its modern use, with software, is discussed in Ref. 63. 





C11.8 A pump-turbine is a reversible device that uses a reservoir to generate power in 
the daytime and then pumps water back up to the reservoir at night. Let us reset Prob. 
P6.62 as a pump-turbine. Recall that Az = 120 ft, and the water flows through 2000 ft of 
6-in-diameter cast iron pipe. For simplicity, assume that the pump operates at BEP 
(92%) with H*, = 200 ft and the turbine operates at BEP (89%) with H*, = 100 ft. 
Neglect minor losses. Estimate (a) the input power, in watts, required by the pump; and 
(b) the power, in watts, generated by the turbine. For further technical reading, consult 
the URL www.usbr.gov/pmts/hydraulics_lab/pubs/EM/EM39. pdf. 


Solution: For water, take p= 1.94 slug/ft* and 4 = 2.09E-S slug/ft-s. (a) Write the 
steady flow energy equation for pump operation, neglecting minor losses: 


2000 fy y? LV= Q, 


noe laa a rarna m nan? 


h, =200 ft = epee 120 ft + f( 





For cast iron, €= 0.00085 ft, hence €/D = 0.00085ft/0.5ft = 0.0017. Iterate to find the 
friction factor and complete the pump head equation. EES quickly finds the result: 


_ PVD _ (1.94)V(0.5) fi 





3 
Rep = 347,000; f = 0.0230; V = 7.48—; Q = 587%; H =200 ft 
u 2.09E —5 s s 
Hence Power imp = a = ree = 80,000 fi— Uf = 108,000 W Ans.(a) 
: s 


(b) Write the steady flow energy equation for turbine operation, neglecting minor losses: 





2 2 
AE EEE E E a L  eo 


noe RIAN AS aren men? 


Iterate again and obtain a considerably lower flow rate: 


_ pVD _ (1.94)V(0.5) 


Re 
pu 2.09E -5 


ft fe 

=171000; f = 0.0236; V = 3.69; Q = 2.90 —; H =100/t 
S S 

ft-lbf 


S 


Hence Power m, = NYOH = (0.88)(62.4)(5.87)(200) = 16,100 


pump 





= 21,000 W Ans.(b) 


The pumping power is much greater than the power generated by the turbine, but the 
pump’s required electricity is very cheap because usage is so small at night. 





